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1. Introduction

ABSTRACT

The surface of raw multicrystalline silicon wafers is treated with HF-HNO3; mixtures in order to remove
the saw damage and to obtain a well-like structured surface of low reflectivity, the so-called texture. The
industrial production of solar cells requires a consistent level of texturization for tens of thousands of
wafers. Therefore, knowing the actual composition of the etch bath is a key element in process control
in order to maintain a certain etch rate through replenishment of the consumed acids.

The present paper describes a novel approach to quantify nitric acid (HNOs), hydrofluoric acid (HF), and
hexafluosilicic acid (H,SiFs) using a high-resolution continuum source graphite furnace absorption spec-
trometer. The concentrations of Si (via Si atom absorption at the wavelength 251.611 nm, my,s; = 130 pg),
of nitrate (via molecular absorption of NO at the wavelength 214.803 nm, mg yo,- = 20ng), and of total
fluoride (via molecular absorption of AIF at the wavelength 227.46 nm, mo r = 13 pg) were measured
against aqueous standard solutions. The concentrations of H,SiFg and HNOs; are directly obtained from
the measurements. The HF concentration is calculated from the difference between the total fluoride
content, and the amount of fluoride bound as H,SiFs. H,SiFs and HNOs3 can be determined with a relative
uncertainty of less than 5% and recoveries of 97-103% and 96-105%, respectively. With regards to HF,
acceptable results in terms of recovery and uncertainty are obtained for HF concentrations that are typical
for the photovoltaic industry. The presented procedure has the unique advantage that the concentration
of both, acids and metal impurities in etch solutions, can be routinely determined by a single analytical
instrument.

© 2012 Elsevier B.V. All rights reserved.

The parameters of etching are mainly determined by the con-
centrations of HF and HNO5 as well as the amount of dissolved

Chemical etching of silicon with mixtures of HF-HNO3 is an
essential step in the processing of solar grade silicon, removing the
mechanically damaged surface of silicon wafers after slicing from
ingots (saw damage) and texturing the silicon wafers to obtain low
reflective surfaces. In this process, HNO3 and HF are consumed, and
H,SiFg is formed as the major reaction product in the etch solution.
This process is described in literature [ 1] by the following net equa-
tion (Eq. (1)); however, recent results have shown that the reaction
is more complex [2,3].

3Si + 18HF + 4HNO3 — 3H,SiFg +4NO + 8H,0 (1)

Abbreviations: ET-HR-CS MAS, high-resolution continuum source molecular
absorption spectrometry in an electro-thermal heated graphite furnace; ET-HR-
CS AAS, high-resolution continuum source atomic absorption spectrometry in an
electro-thermal heated graphite furnace.
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silicon [2]. The concentration of H;,SiFg in particular has a significant
impact on the texture and the reflectivity of etched multicrys-
talline wafers [4]. Thus, the concentrations of HF, H,SiFg, and
HNOj; in industrial etch lines have to be kept in narrow mar-
gins to produce solar cells of consistent efficiency. In the past,
numerous methods were developed to determine the acid con-
centrations. Henf3ge et al. [5,6] developed a procedure to quantify
HF, H,SiFg, and HF in the same sample by titration in aqueous and
non-aqueous media. Another, much faster method based on ion
chromatography was presented by Acker and HenfRge [7]. Zim-
mer et al. [8,9] combined the latter method with a postcolumn
derivatization to determine silicon directly through UV detection.
Finally, a NIR technique can be used to monitor the etch bath con-
stituents [10,11]. This technique is reputed to be time and cost
saving; the calibration process, however, is difficult and time con-
suming.

The present work was inspired by measurements of metal ion
concentrations in industrial etch solutions. The sawing process,
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using a SiC slurry and a metal wire, leaves metallic contamina-
tions on the silicon surface which are not fully removed by the
post-sawing cleaning processes. Therefore, the metal ion concen-
trations (typically in the range between 0.01 and 0.4 ppm) as well
as the concentrations of HF, HNOs3, and H,SiFg have to be deter-
mined at regular intervals. Both types of analysis can be carried
out routinely and with minimal sample preparation by means of
a high-resolution continuum source atomic absorption spectrom-
eter.

Since the determination of metal ions with high-resolution con-
tinuum source atomic absorption spectrometry (HR-CS AAS) has
become an established procedure, the present paper only deals
with the determination of the acid concentrations. Therefore, the
determination of silicon by its atomic absorption was optimized
for this specific purpose. The determination of the non-metals flu-
oride and nitrogen requires that the element is converted into a
diatomic molecule of sufficient stability, life time and concentra-
tion in order to become detectable. The diatomic analyte molecule
consists of one non-metal element atom and one reagent atom. The
reagent is usually added to the analyte solution as an easily soluble
compound.

Using a high-resolution continuum source spectrometer, it has
been shown for fluorine [12-14], chlorine [12], bromine [15],
iodine [16], phosphorus [12,17], and sulfur [12,18] that suitable
diatomic analyte molecules of these elements are formed dur-
ing a sample heating procedure in a graphite furnace. Huang
et al. [19] recently used the molecular absorption of NO at the
wavelength of 215.360 nm to determine nitrate in ground water
(CRM 616 und CRM 617) and in an aqueous solution of cal-
cium ammonium nitrate fertilizer (BCR 178) in a graphite furnace
with a PIN platform. A LOD of 5ng nitrogen (0.25mgL~1) was
reached using 50 pg calcium as modifier (added to the sample
as CaCly). The procedure is suitable for nitrate solutions, nitric
acid, or a nitrate solution in diluted acids with a higher volatil-
ity than nitric acid. However, in the presence of a less volatile
acid compared to HNO3, the NO molecular absorbance decreases
dramatically for the given optimum pyrolysis temperature of
300°C.

Applications to determine the total fluoride through molec-
ular absorption spectrometry (MAS) in a graphite furnace have
been known for decades. A determination can be carried out
via the molecular absorption of GaF [12-14,20-29], InF [20-28],
TIF [20], MgF [21-24,30-32], CaF [24,30,31] SrF [24,30,31], and
BaF [24,30,31]. Regarding AIF, in the majority of cases, the
molecular absorption at the wavelength of 227.45nm was used
[20-29,33-54], and a platinum or a cobalt hollow cathode, or a
deuterium lamp was applied as excitation source.

Besides aluminum as reagent, several different cations, such
as sodium [20], iron (IIl) [27] strontium [33-38], and barium
[23,28,29,39-42], as well as mixtures of cations, like strontium
and nickel (II) [43-47], strontium in combination with iron (III)
[24-26,48-50], or ammonium [33] were added as chemical mod-
ifiers to enhance the molecular absorption of AIF and to decrease
the background absorption. So far, the lowest characteristic mass
of 20 pg fluoride was reported by Tsunoda et al. [27] using 2.7 g of
reagent (aluminum) and 5.6 pg of iron (III) as modifier in a Mass-
man type graphite furnace. Overviews of these and other methods
of molecular absorption spectrometry are provided by Welz et al.
[55] and Dittrich [56,57].

The presented publication describes a new analytical procedure
which allows the determination of nitrate via the molecular absorp-
tion of NO in silicon etching solutions of the photovoltaic industry
and the adaption of well known methods, such as the silicon deter-
mination via its atomic absorption and the fluorine determination
via the molecular absorption of AlF, to the analysis of etching solu-
tions of the photovoltaic industry.

Table 1
Graphite furnace temperature program for silicon determination by means of AAS
of Siat 251.611 nm.

Temperature [°C] Ramp [°C/s] Hold time [s] Argon flow

Injection of sample (20 wL) and modifier (8 g Pd?* and 4 pg Mg?* as nitrates)

Crying 80 6 20 Max.
Crying 90 3 20 Max.
Pyrolysis 350 50 20 Max.
Pyrolysis 1200 300 10 Max.
Auto zero 1200 0 5 Stopp.
Atomization 2550 1500 3 Stopp.
Cleaning 2600 250 6 Max.
Table 2

Graphite furnace temperature program for nitrate determination by means of MAS
of NO at 214.803 nm.

Temperature [°C] Ramp [°C/s] Hold time [s] Argon flow

Injection of sample (20 wL) and modifier (68 pg La** as LaCls)

Drying 100 2 15 Max.
Pyrolysis 200 5 7 Max.

Auto zero 200 0 5 Stopp.
Vaporization 950 1500 5 Stopp.
Cleaning 2550 250 6 Max.
Cooling 200 no power 2 Max.

2. Experimental
2.1. Instrumentation

A model contrAA 700 high resolution continuum source
atomic absorption spectrometer (Analytik Jena AG, Jena, Germany)
equipped with a transversely heated graphite tube atomizer and a
flame atomizer, a 300 W xenon short-arc lamp (in a hot-spot mode)
as continuum radiation source, a double monochromator consist-
ing of a prism and an Echelle grating, and a linear charge coupled
device detector were used for all absorption measurements carried
out in the presented work. A detailed discussion of the instrument
has been provided by Welz et al. [58].

All measurements were conducted using pyrolytically coated
graphite furnaces without a PIN platform. The absorbances of the
analyte species were recorded at the following wavelengths: AIF
at 227.460 nm, silicon at 251.611 nm, and NO at 214.803 nm. The
detector pixel at maximum absorption (central pixel) plus one
neighboring pixel on each side of the central pixel were summa-
rized to gain the signal value, which was further integrated in peak
area mode. The oven programs used are summarized for the atomic
absorption spectrometry (AAS) of silicon in Table 1, for the MAS of
NO in Table 2, and for the MAS of AlF in Table 3.

Unless otherwise stated, all chemicals were supplied by Merck
in p.a. quality. The calibrations were performed using single ele-
ment standards obtained from dilution of 1000 ppm standard
solutions (NH4SiFg, NaNO3 and NaF in water) with the exception

Table 3
Graphite furnace temperature program of total fluoride determination by means of
MAS of AIF at 227.460 nm.

Temperature [°C] Ramp [°C/s] Hold time [s] Argon flow
Injection of reagent (8 g AI** as AI(NO3)3)
Drying 70 1 0 Max.
Drying 110 2 3 Max.
Injection of sample (6 wL) and modifier (8 g Ba?* as Ba(NO3 ),)
Drying 70 1 0 Max.
Drying 110 2 3 Max.
Pyrolysis 600 40 15 Max.
Auto zero 600 0 5 Stopp.
Vaporization 2100 1500 5 Stopp.
Cleaning 2450 100 3 Max.
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Table 4

Dilution factors for the samples used.
Sample Silicon Nitrate Fluoride

AAS ICP-OES  MAS  IC MAS IC

1 62,400 7300 1090 34,900 370,000 34,900
2 40,500 1890 1050 23,000 416,000 23,000
3 33,500 1300 1320 19,300 318,000 19,300
4 38,900 4700 920 31,800 315,000 31,800
5 62,900 7300 1110 34,800 440,000 34,800
Real sample 37,000 6700 1150 30,500 308,000 30,500

of AIF MAS, which is calibrated using a diluted hydrofluoric
acid. The lanthanum modifier (c;;=11gL~') was prepared by dis-
solving LaCl3-7H,0. The palladium-/magnesium nitrate modifier
(cpa=1gL7", cmg=0.5gL"1) was made from a Mg(NO3),-6H,0
(suprapur® quality, Merck, Darmstadt, Germany) solution with an
added aliquot of a palladium nitrate stock solution (10% (w/w)
Pd(NOs3), in 10% (w/w) HNOs, Sigma-Aldrich). 1000 ppm single
element standard stock solutions were used as aluminum reagent
(AI(NO3)3 in 0.5 m HNO3) and barium modifier solutions (Ba(NO3 ),
in 1% (w/w)HNO3, Roth, Karlsruhe, Germany). The studies of chem-
ical interference in the case of fluoride and silicon were carried
out using single element standards made by diluting 1000 ppm
stock solutions (Al(NOs3); in 0.5 m HNO3, Fe(NO3); in 0.5 m HNOs3,
CU(NO3)2 in 0.5m HNOs3, Ni(NO3)2 in 0.5m HNOs3, Ca(NO3)2 in
0.5m HNO3, NaNOs3 in 0.5 m HNO3, and Mg(NO3), in 0.5 m HNO3).
For the interference studies in the nitrate determination, stock
solutions were made by dissolving AlCl3-6H,0, CaCl,, FeCl3-6H,0,
Mg(OOCCH3);, NaCl, CuCl,, and NiCl,-6H,0 in high purity water.

All samples were measured in bracketing mode to correct the
time drift of the signals. The given analytical results represent the
average of three individual sample dilutions, each of them mea-
sured three times, and the respective single standard deviation of
these nine individual values.

2.2. Preparation of the synthetic etch mixtures

All synthetic etch solutions were made of high purity water
(conductivity <0.050Scm~!) obtained from a model PURELAB
classic high purity water system (ELGA Berkefeld GmbH, Celle,
Germany). The acids used, HF (40%, w/w) and HNOs3 (69%, w/w),
are products of Merck, Darmstadt, Germany, in p.a. quality. H;SiFg
(46%, w/w) in p.a. quality was provided by Fluorchemie Dohna,
Dohna, Germany. From these acids, synthetic etch mixtures were
prepared in five different ratios to cover the compositions of etching
solutions relevant in the photovoltaic industry.

The only sample preparation step was the dilution of these sam-
ples according to the parameters given in Table 4. The single real
process etching solution of the photovoltaic industry was analyzed
and diluted likewise.

2.3. Analysis with IC and ICP-OES

2.3.1. Nitrate and total fluoride determination via ion
chromatography [7]

The ion chromatographic measurements were performed with
a761 Compact IC, equipped with a suppressor system and conduc-
tivity detector (MetrohmAG, Herisau, Switzerland). A METROSEP
ASupp4/5 Guard (Metrohm AG, Herisau, Switzerland; length 5 mm,
diameter 4.0 mm) was used as precolumn and a METROSEP ASupp5
(Metrohm AG, Herisau, Switzerland; length 250 mm, diameter
4.0mm) as separation column. A carbonate eluent was used at
a constant eluent flow of 0.7 mLmin~!. The carbonate eluent for
the IC was made by dissolving Na,CO3 and NaHCOs in degassed,

Table 5

ICP-OES measuring conditions.
Viewing mode Axial
Generator power (W) 1150
Ar cooling flow (Lmin~1) 12
Ar auxiliary flow (Lmin—1) 0.5
Ar nebulizer flow (Lmin~—1) 0.5
Maximum integration time (s) 20
Sample rinsing time (s) 5
Pump speed (rpm) 50
Repeating measurements 3

deionized water with final concentrations of about 3.2 mmolL~!
and 1.0 mmol L1, respectively.

A sample volume of 0.25mL was weighed in a flask. NaOH
solution was added to the sample until the pH value reached
approximately 9, and finally, the flask was filled to a mass of 100 g
solution. This solution was diluted by a factor of 200, given through
a SPE-H*-ion exchange column (Macherey-Nagel GmbH & Co. KG,
Diiren, Germany) and injected into the ion chromatograph. The cal-
ibration was performed by means of aqueous standards, containing
both nitrate and fluoride.

2.3.2. Determination of silicon by means of ICP-OES [6]

An iCap 6000 ICP-OES (Thermo Fisher scientific, Waltham, Mas-
sachusetts, USA), equipped with a Mira Mist nebulizer, and a HF
resistant spray chamber was used to determine the total Si con-
centration in the etching solutions. The samples were diluted by a
factor of 7000, adding 1% (w/w) HF and 1% (w/w) HNOs in the last
dilution step, as well as to all standards. The calibration was per-
formed against acid matched Si single element standards (Merck,
NH4SiFg). The operation parameters of the instrument are summa-
rized in Table 5. All samples were measured in bracketing mode.
The given analytical results and standard deviations represent the
mean of three individual sample dilutions, each of them measured
three times.

3. Results and discussion
3.1. Development of the analytical procedures

3.1.1. Silicon determination

The Si atomic absorption was measured at the commonly used
wavelength of 251.611 nm. Because of the high concentrations of
silicon in the etch solutions, the less expensive wall atomization
was utilized instead of a PIN platform furnace, which is commonly
used for silicon determination [59]. The background correction was
carried out automatically by the spectrometer software in the so-
called dynamic mode with a reference measurement.

Silicon is usually measured in the presence of a palladium-
/magnesium modifier (0.1% (w/w) palladium, 0.05% (w/w)
magnesium) injected into the graphite furnace together with the
samples and standards. A modifier is commonly used to achieve
a higher sensitivity. In the present case, it is more important to
shorten the temperature range of vaporization and atomization to
obtain a sharp and highly reproducible signal. Adding 8 p.L or more
of the modifier mix would result in a narrow and stable silicon atom
absorption signal. A further increase of the modifier mass does not
improve the absorbance, as shown in Fig. 1. Consequently, an addi-
tion of 8 wL of the modifier solution, representing 8 j.g palladium
and 4 pg magnesium, was used in the further work. The best and
most reproducible signal shapes were found for a pyrolysis tem-
perature of 1200°C and an atomization temperature of 2550°C.
With the newly developed furnace program and modifier regime,
a characteristic mass of 130 pg silicon and a LOD of 3.2 ng silicon is
reached. The linear working range spans up to 50 ng silicon.
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Fig. 1. Impact of the volume of the added palladium-/magnesium-nitrate modifier
solution on the absorption of 20 ng silicon.

Another strategy in silicon determination is the pre-treatment of
the modifier prior to the injection of the analyte into the graphite
furnace. This route was tested, however, without any significant
improvement of the signal shape and the absorbance.

No spectral interferences were found for calcium, aluminum,
iron, nickel, copper, magnesium, and sodium, tested with a concen-
tration of 5 mgL~! in the diluted sample solution for the respective
element (this corresponds to an unrealistically high concentra-
tion of at least 168 gL-! in the undiluted sample solution). The
elements mentioned represent the contaminations present in an
industrial etching solution. Whereas nickel, copper, and magne-
sium have no impact on the silicon signal, the addition of calcium,
iron, and sodium increases the silicon absorbance by approximately
15%; in case of aluminum by 40%. However, the discovered inter-
ference only occurs in the presence of these high concentrations.
At metal ion concentrations of 170 wgL~!, these interferences are
not present. It should be noted that even these lower metal ion con-
centrations (corresponding to 5.6 g L~! in the undiluted sample) are
180 times higher than those of real etch samples.

3.1.2. Nitrate determination

Although the nitrate concentration in etching solutions is very
high, the application must be tuned to maximum sensitivity
because the molecular absorption of NO is extremely insensitive.
The spectrum of the most sensitive band system in the wavelength
range of 213.0nm to 215.5nm is shown in Fig. 2. The absorption
peaks shown are assigned to electronic transitions from the ground
state to the 1st excited state and Av=+1 (X2I1— A2X+ 1: 0> 1)
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Fig. 2. High-resolution absorption spectrum of NO, gained by heating 5.6 g nitrate
(as nitric acid) and 68 g lanthanum (as LaCls) in a graphite furnace.
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Fig. 3. Impact of (a) the lanthanum mass on the signal sensitivity of NO formed of
HNOs atmyg,- =5.6 ug and (b) the pyrolysis temperature on the signal sensitivity
of NO formed of HNOs at myg, - = 5.6 g in the presence (filled markers) or absence
(open markers) of 68 g lanthanum (as LaCls).

[19]. The most sensitive peak at 214.803 nm was used as analyte
signal. The underground correction was performed by means of
static background correction with a reference measurement. Four
wavelength ranges, 214.698-214.697 nm, 214.740-214.742 nm,
214.826-214.828 nm, and 214.922-214.927 nm, were chosen as
markers for the polynomial baseline fitting after unwanted absorp-
tion structures were eliminated via the reference spectrum.

Huang et al. [19] reported a significant signal-depressing effect
on the NO MAS caused by acids which have higher boiling temper-
atures than nitric acid. In the case of the real and synthetic etching
solutions, it emerged that nitric acid is lost before the sample has
dried properly. To overcome this problem, numerous modifiers
were tested with regard to the NO absorption. Lanthanum was
found to have the most prominent signal increasing effect, as shown
in Fig. 3. An addition of 5 p.g lanthanum (as LaCl3) to the sample is
sufficient to affect a rise of the sensitivity, followed by a less steep
increase caused by the further addition of lanthanum. As shown in
Fig. 3b, lanthanum immobilized the nitric acid, presumably through
the formation of La(NO3)s3, which decomposes at a temperature
higher than the boiling point of nitric acid (126 °C vs. 83 °C). How-
ever, this effect seems to be only one reason for the efficiency of
the lanthanum modifier, because sodium (one of the tested mod-
ifiers) was found to increase the signal less in spite of the much
higher decomposition temperature of NaNO3 (380 °C) compared to
La(NO3)3 (126 °C). In the presence of the LaCls, the modifier sodium
nitrate and nitric acid showed the same sensitivity for the NO MAS
when the optimized furnace (Table 3) program was used. In con-
clusion, the described loss of HNO3 during the drying of the sample
[19] is avoided if the described approach is used.

Apart from other typical applications using lanthanum as mod-
ifier, significantly larger amounts are required for the present
application. It emerged that, because of the precipitation of LaF3
and La,(SiFg)3, the presence of HF and H,SiFg reduces the amount
of free lanthanum ions necessary to retard the nitric acid. A mass
of 68 g lanthanum was found to be the optimum for the diluted
samples used in the present work. Higher masses cause emissions
of white smoke, leading to a diffuse light scattering and decreasing
the light intensity.

The characteristic mass of 20 ng and a LOD of 96 ng nitrate can
be reached with the presented method; the linear working range
covers several orders of magnitudes up to 75 g nitrate.

Neither spectral nor chemical interferences were found for alu-
minum, iron, calcium, magnesium, nickel, sodium, and copper,
which represent the ions most likely present in an etching solution,
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Fig. 4. High-resolution AIF molecular absorption spectrum in a graphite furnace
at a pyrolysis temperature of 600°C and a vaporization temperature of 2100°C
(assembled from three overlapping spectra; 7.5 ng fluoride, 8 ug aluminum, 8 pg
barium).

if 100 ng of each metal (corresponding to 5gL~! in the undiluted
sample) are added to the oven together with the sample.

3.1.3. Total fluoride determination

The diatomic molecule AIF shows pronounced structured
absorption in the range of 227.40-227.80 nm, both in the flame [58]
and in the graphite furnace (cf. Fig. 4). The most sensitive absorp-
tion band at the wavelength position of 227.46 nm (X! Z* — A'I],
v=1, 0, and Av=0 [60]) was recorded as analyte signal. The
background correction was performed by means of a reference
spectrum to remove unwanted absorption structures; afterward,
three pixel groups (227.367-227.323nm, 227.531-227.535nm,
and 227.587-227.590nm) served as markers for the polynomial
baseline fitting.

The time-dependent signal of the AIF molecular absorption was
found to depend on the composition of the etch solutions, i.e., it var-
ied with different concentrations of HF and H;SiFg. In some cases,
the time-dependent absorption signal was expanded so much that
the signal integration took more than 15s.

Barium (as Ba(NOs); solution) was found to be the best chemi-
cal modifier among the tested earth alkaline metals. The barium
modifier generates a sharp absorption signal which lasts for no
longer than 2 s, regardless of the composition of the analyte solu-
tion, which means that the integration time can be shortened to
5s. A mass of 8 g barium was chosen for the further application
because of the almost constant signal found for this mass, as shown
in Fig. 5a. Fig. 5a also displays the effect of the aluminum reagent
mass at a constant mass of 8 g barium. The AIF absorbance shows
a steady increase in relation to the aluminum mass. However, the
continuous background also increases. This indicates the formation
of particles and causes a diffuse light scattering in the graphite tube.
In consequence, this effect dramatically narrows the linear work-
ing range of the method. The best results for the AIF determination
were found for 8 g of aluminum reagent.

The barium modifier causes a significant change in the opti-
mum pyrolysis temperature, as depicted in Fig. 5b. The sensitivity
of the AIF molecular absorption in presence of the barium modi-
fier increases strictly up to a pyrolysis temperature of 350°C and
remains almost constant up to a temperature of 550°C (Fig. 5b).
It is particularly favorable if the reagent is dried separately for 3 s
at 110°C before the sample and modifier are added to the furnace
(Table 3). Then, a maximum in sensitivity is found at pyrolysis tem-
peratures of between 300°C and 500°C (Fig. 5b). If the modifier
is dried together with the reagent, the sensitivity does not reach
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Fig. 5. Impact of (a) the reagent and modifier mass at a pyrolysis temperature of
600°C and a vaporization temperature of 2100 °C and (b) of the pyrolysis tempera-
ture and injection regime (at mp; = 8 pg and mg, = 8 g or 0 pg) on the AIF molecular
absorbance of 1.2 ng F (HF) at a vaporization temperature of 2100 °C.

such a high level. The optimized furnace program, summarized in
Table 3, consists of the separate pre-drying of the reagent and the
subsequent addition of both, sample and the modifier. With this
strategy, a characteristic mass of 13 pg fluoride, a LOD of 145 pg
fluoride, and a linear range of up to 5 ng fluoride is yielded.

Interference studies were performed with an unrealistically
high amount of 100 ng of each metal. 100 ng correspond to the
unrealistically high concentration of approximately 5kgL~1 in the
undiluted sample. Neither chemical nor spectral interferences were
found for copper, sodium, iron, or magnesium. For 100 ng nickel,
a weak absorption line (A=227.467 nm) at the right wing of the
AIF absorption peak is observed. However, this is irrelevant for the
fluoride determination because this line is located outside of the
integration width of the AIF signal. The addition of 100 ng of cal-
cium enhances the AlF absorbance by a factor of 1.1; however, this
effect is lost at 3.3 ng.

3.2. Application of the method to synthetic and real sample
solutions

3.2.1. Silicon determination through atomic absorption of silicon

The concentrations of silicon determined by means of HR-CS
AAS of silicon are in good agreement with the values measured
using ICP-OES (cf. Table 6). Although the uncertainty of the HR-
CS AAS method is higher than that of the ICP-OES method, it
is sufficient for industrial applications. With regard to the real
sample, both methods result in almost identical values for the sili-
con concentration of 33.3 £ 0.5 gkg~! measured with ICP-OES and
33.4+1.6gkg ! measured with HR-CS AAS.

3.2.2. Nitrate determination by means of NO MAS

The results of the nitrate determination in the synthetic etching
solutions by means of high-resolution continuum source molecular
absorption spectrometry (HR-CS MAS) of NO are in good agreement
with the data obtained using ion chromatography done by [7] (cf.
Table 7). The HR-CS MAS yields to higher RSDs than IC, however,
this span is acceptable for industrial applications. As before, both
methods result in almost identical values of 238.3 +3.1gkg™! (IC)
and 234.1 +4.5gkg~! (HR-CS MAS) for the concentration of nitric
acid in the real sample.

3.2.3. Total fluoride determination by means of MAS of AIF
The total fluoride concentrations measured with AIF HR-CS MAS
and ion chromatography [7] are consistent, as shown in Table 8. The
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Table 6

Results of silicon and H,SiFs determination through ICP-OES and HR-CS AAS; recovery rate is calculated by means of division of w (HR-CS AAS) by w (ICP-OES).

Sample ICP-OES HR-CS AAS Recovery [%]
wsi [gkg] Wh,sirg [gkg™] Recovery [%] wsi [gkg] Wh,sirg [gkg™] RSD [%]
1 394 202.2 0.8 392 200.9 1.8 99.3
2 252 129.0 0.8 25.9 1327 2.1 102.8
3 20.9 107.4 0.3 20.6 105.7 3.0 98.4
4 242 1243 14 244 125.3 2.1 100.8
5 39.6 203.3 0.4 385 197.7 26 97.2
Real sample 333 171.0 14 334 171.1 49 100.1
Table 7

Results of nitrate and nitric acid determination through IC and HR-CS MAS; recovery rate is calculated by means of division of w (HR-CS MAS) by w (IC).

Sample IC HR-CS MAS Recovery [%]
Wyo,- [gkg™'] Whino, [gkg™] RSD [%] Wyo,- [gkg™'] Whino, [gkg™] RSD [%]
1 306.9 311.8 0.5 299.5 304.3 3.0 97.6
2 202.6 205.8 1.9 2125 215.9 42 104.9
3 253.3 257.3 0.4 257.5 261.6 46 101.7
4 256.4 260.5 0.3 252.1 256.2 3.3 983
5 308.4 313.3 0.1 294.5 299.2 0.8 95.5
Real sample 2383 2422 13 234.1 237.8 1.9 98.2

precision of the HR-CS MAS was in the typical range already found
for silicon and nitrate, which is not as good as the IC method but
still tolerable for an industrial application. The working range of
the method, which spans from 435 pg (3 times LOD) to 5 ng fluo-
ride, requires a rather high dilution of the sample. Nonetheless, the
presented method allows the fast, sufficiently precise, and robust
total fluoride determination in etching solutions.

3.3. The acid concentrations

The concentrations of H,SiFg and HNO3 are directly derived
from the atomic absorption of silicon (Table 6) and from the NO
molecular absorption (Table 7), respectively. The precision and
recovery of the calculated acid concentrations are directly deter-
mined by the figure of merits of the absorption measurements. In
the present study, is the concentrations are calculated from three
individual sample dilutions, each of them measured three times.

The concentration of HF has to be calculated from the difference
between the total fluoride concentration and the fluoride concen-
tration bound to H,SiFg, i.e., from the silicon concentration of one
given etch solution, using the following equation (M - molar mass):

Myr M-
i = g (e 6-ws ) @

This calculation was performed using the silicon determination
through ICP-OES and the total fluoride measurement through IC, as
well as the HR-CS AAS measurements of the silicon atom and the
AIF molecular absorption. The obtained HF concentrations for both
routes are summarized in Table 9.

In general, the determination of the HF concentration via the
HR-CS AAS route yields higher concentrations than the ICP-OES/IC

Table 8
Results of total fluoride determination through IC and HR-CS MAS; recovery rate is
calculated by means of division of w (HR-CS MAS) by w (IC).

route (with exception of sample 1). Although, the HR-CS AAS
method is not as precise as the ICP-OES/IC route, it meets all the
demands of a successful industrial application.

The focal point was on sample 1 and the real etching solution.
Both samples, characterized by a low HF concentration in the pres-
ence of a high H;,SiFg concentration, demonstrate the limitations
of both methods, particularly the route via atom and molecular
absorption. This drawback is mainly caused by the uncertainty
of the total fluoride determination using AIF MAS. Although the
relative uncertainty of these measurements is moderate, the abso-
lute errors (Acg- =1.0-6.4¢g kg"l) are relatively high compared
to the smaller uncertainties of the silicon determination (Acg; =
0.5-1.6¢ kg’1). Error propagation finally leads to the finding of
deviations and uncertainties of a few percent, as shown in Table 9.
If the molar ratio of hydrofluoric acid and total fluoride is smaller
than 0.3, the uncertainty increases to an extremely high level. The
calculated concentration of HF via the IC and ICP-OES route suffers
from the same effect. However, the lower uncertainties in the deter-
mination of silicon and fluoride result in lower uncertainties for the
calculated HF concentration. Nevertheless, the presented method
is a fast and robust method to quantify HF in etching solutions.

None of the developed methods suffer from serious chemical
or spectral interferences. The observed chemical interferences on
the AIF molecular absorption and on the silicon atomic absorp-
tion become irrelevant because of the high dilution of the samples
required.

Another aspect regarding the analysis of such etch solutions
should be mentioned. The presented method is based on the
essential precondition that silicon is entirely bound in form of

Table 9

Results of calculation of hydrofluoric acid concentration using the concentrations
of silicon - and total fluoride. Comparison of applications via ICP-OES/IC and HR-CS
MAS/HR-CS AAS; recovery rate is calculated by means of division of w (HR-CS AAS
and MAS) by w (IC and ICP-OES).

Sample IC HR-CS MAS Recovery [%] Sample IC and ICP-OES HR-CS AAS and MAS Recovery rate [%]
welgkg']  RSD[%] wrlgkg'] RSD[%] wir [gkg'] RSD[%] wir [gkg '] RSD [%]
1 181.7 0.5 177.3 3.5 97.6 1 240 7.1 20.3 334 84.5
2 183.6 1.8 187.9 2.1 102.4 2 86.0 3.9 87.6 49 101.8
3 150.8 0.6 151.6 21 100.6 3 69.5 1.3 71.8 4.9 103.4
4 155.0 0.2 159.0 0.6 102.5 4 62.6 2.5 66.1 3.7 105.6
5 221.2 0.1 220.8 2.1 99.8 5 66.7 1.3 71.1 7.5 106.7
Real sample  170.9 1.0 1739 3.7 98.2 Real sample 37.8 6.9 40.8 19.4 108.0
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H,SiFg. In fact, this has been proven by several studies. Neither the
non-aqueous [5] nor the aqueous [6] acid-base titration methods
showed any differences between synthetic etch solutions (man-
ually prepared from HF, HNO3, and H,SiFg) or etch solutions
generated by the dissolution of silicon. An identical behavior has
been verified by another independent method: The precipitation of
H,SiFg as K;,SiFg and the subsequent analysis of the mother solu-
tion by ion chromatography and ICP-OES, as described in detail in
Ref. [7]. However, significant differences occur if the H,SiFg used
contains “extra” silicon in the form of dissolved SiO5, as in the case of
H,SiFg from some commercial suppliers. Such H;SiFg with “extra”
Si must not be used for the development of analytical procedures
or for calibration. Method [7] is well suited to quantify this extra
amount. Finally, we have identified one case in which real etch solu-
tions can contain more silicon than expected [61]. A recent study
shows that Eq. (1) is only a simplified description of the etching
process. It is possible to over-saturate etch solutions with silicon
so that a molar silicon to fluorine ratio of 1:5 is obtained as quan-
titatively determined by method [7]. However, this is not relevant
for any industrial etching process.

4. Conclusion

High-resolution continuum source absorption spectrometry
allows the quantification of nitric acid, hexafluosilicic acid, and
hydrofluoric acid using a single analytical instrument. The same
instrumentation can be used to quantify traces of metal ions, which
are known to accumulate in used etching solutions of the pho-
tovoltaic industry. Consequently, for the first time, the relevant
constitution of an etching solution can be determined with a single
analytical instrument. The presented method is characterized by
minimal sample preparation (only dilution), a minimum effort of
manpower, simple calibration with aqueous standards, and by its
robustness against chemical and spectral interferences. The sample
preparation only involves the preparation of three different dilu-
tions of the concentrated acid mixture. The analytical results are in
good agreement to other established methods based on IC and ICP-
OES measurements. The method based on IC and ICP-OES requires
the analysis of one sample by two different analytical instruments
and is therefore more complex (different dilution, different stan-
dards etc.) and more time consuming. The developed analytical
route yields to results of good precision and acceptable uncertain-
ties for the three acids. In spite of the higher uncertainties compared
to the IC/ICP-OES, the method of etch bath constituents analysis by
means of atom and molecular absorption measurements fulfills all
demands of an industrial application. The limit of the method was
found for low HF concentrations in the presence of high concentra-
tions of H,SiFg.
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