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ABSTRACT: A process control system was developed which continuously monitors the composition of acidic 

etching baths. The simple physical parameters, sound velocity, conductivity, and refractive index are verified for 

suitability to determine the concentrations of hydrofluoric acid, nitric acid, and hexafluorosilicic acid. In pre-tests the 

characteristics of the individual concentrations were observed with the measuring devices and the effect of the 

formation of nitrous gases on the physical measuring devices is observed. In contrast to the conductivity electrode, 

the sound velocity and refractive index sensors show highly reproducible results. The formation of nitrous gases has 

no significant effect on the physical measurement methods. The influence of different concentrations of a mixture on 

the physical parameters is determined building up a design of experiment. With aid of multiple linear regression 

model equations were created which describe the quantitative relationship between the concentration and the physical 

variables. The model equations which lead to a quantitative correlation between the concentration of the acids as a 

function of the parameters sound velocity, conductivity, refractive index and temperature are compared and finally 

validated. The model equation predicts the concentration of HF with a recovery rate of 96.40%, HNO3 with 96.38% 

and Si in H2SiF6 with 78.74%. 
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1 INTRODUCTION  

 

 Acidic based etching baths are frequently used for 

industrially manufacturing of multicrystalline silicon 

solar cells, mainly for texturization and rear side 

polishing before diffusion [1,2]. The resulting surface 

morphology after etching particularly relies on the 

composition of the solution, consisting of hydrofluoric 

acid (HF) and nitric acid (HNO3) [3,4]. During the 

processes different reaction products are formed, 

especially hexafluorosilicic acid (H2SiF6) and the 

concentrations of the reactants decrease. This means that 

monitoring of the composition is indispensable, to 

achieve stable process results. Currently, analytical 

methods such as titration, near infrared spectroscopy 

(NIRS) and ion chromatography (IC) with post column 

derivatization and UV-Vis detection for determination of 

solved silicon, are used [5–7]. These methods have been 

successfully implemented but the analysis instruments 

have high costs of ownership and trained manpower is 

required. Inline analytics allow, unlike the offline and 

atline processes, a continuous correlation between the 

obtained information and the properties of the process 

[8]. Inline monitoring is commonly used for classical 

measured variables, such as temperature, pressure or 

flow. However, further research is needed in the process 

control of mixtures and their compositions [9]. Due to 

calibration relationships a concentration can be 

determined by means of physical dimensions (as 

electrical, acoustical or optical values). For example, 

ultrasonic measurement is gaining more and more 

importance, because it provides a reproducible, non-

invasive measurement of flow rate and in some cases 

concentration, with short time response [8]. However, 

other measuring devices have similar advantages and in a 

mixture of components, more variables are needed, such 

as refractive index (n) or conductivity (κ) which can be 

linked to the ultrasonic velocity (c). The reference 

methods used were titration as well as ion 

chromatography. 

 

 

 

2 EXPERIMENTAL 

 

2.1 Preliminary tests 

 A series of measurements of each acid – HF, 

HNO3, H2SiF6 - was taken with the physical devices to 

observe the physical behavior change within the different 

concentrations and to gain knowledge about the handling 

and the operating range. In addition two measuring points 

of each curve were taken on different days in order to 

check the reproducibility of the analytical equipment. 

Furthermore a mixture (reference solution) of 

cHF = 60 g/l, cHNO3 = 600 g/l and cSi in H2SiF6 = 5 g/l was 

prepared to perform long-term measurements. This 

mixture was in the range of the composition of a 

polishing bath. 

 

2.2 NOx test 

 During texturing nitrogen oxides are formed which 

lead to a yellowing of the solution due to the reaction 

with HNO3 and Air [10,11]. To rule out interference on 

the measuring devices due to this reaction, a NOx 

experiment was built up. Various solutions of different 

acid concentrations (HNO3, HF, H2SiF6) and the 

reference solution were produced and their exact 

concentrations recorded using the reference methods. 

Furthermore, the physical parameter of the test solutions 

and a blank value were recorded before the NOx 

experiment was carried out. Nitrogen dioxide (NO2) was 

produced in a reaction chamber, filled with 10% HNO3 

and a diluted sodium nitrite solution (NaNO2), according 

to equation (1), so that a strong yellow coloration was 

achieved. 

2 NaNO2(l) + 2 HNO3(l) → 

2 NaNO3(l) + NO2(g) + NO(g) +  H2O(l)  

(1) 

The NO2 is passed through a gas washing bottle filled 

with solution, thereby turning it yellow. Immediately, the 

solutions were measured again with the physical devices 

and the reference method.  

 

2.3 Design of Experiments (DoE) 

 The influence of the different concentrations of a 
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mixture on the physical parameters was determined 

building up a Design of Experiments (DoE). An 

orthogonal and rotatable central composite design (CCD) 

was created, with the response values n, κ as well as c 

and the factors HF, HNO3, H2SiF6 and temperature (t). 

The factor levels were: cHF (g/l) = {50, 70}, 

cHNO3 (g/l) = {500, 700}, cSi in H2SiF6 (g/l) = {0.5, 9.5} and 

t (°C) = {10, 30}. To draw conclusions about the amount 

of Si which is brought in during the process basin the 

factor H2SiF6 is given as Si in H2SiF6. The experimental 

design, consisting of 36 solutions, was randomized and 

measured in an experimental setup (fig. 1). The 

conductivity sensor was placed in the solution. The 

solution was circulated through a temperature basin to 

achieve specific temperatures, followed by the 

refractometer and sound velocity sensor.  

 

 
Figure 1: Flow diagram of the experimental design setup 

 

 The aim was to obtain an empirical model, which 

quantitatively describes the relationship between the 

studied factors (concentration of the acids) and the 

response values (physical variables). With the aid of 

multiple regression, model equations were created [12]. 

A general regression model with k = 4 factors based on a 

linear combination of basic functions, was used. 

𝑦𝑖 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖 +

𝑘

𝑖=1

∑ 𝛽𝑖𝑖𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑘

𝑗=𝑖+1

𝑘

𝑖=1

𝑘

𝑖=1

 
(2) 

With the response value (dependent variable) yi, the 

regression coefficients βi and linear xi, squared x2
i as well 

as interactive xixj effects (explanatory or independent 

value). The modeling was done by progressive 

elimination of factors and interactions which did not 

show a significant effect on the response value. The 

analysis of variance (ANOVA) has been used to 

investigate the significance of true effects. ANOVA uses 

variance estimates to compare response mean differences 

[13]. The variance of response values is explained by the 

influence of various factors. In order to assess if the 

factors have a significant impact on the acid 

concentration, the coefficients are compared with the 

width of the confidence interval. The beta coefficients 

(Betaj), in contrast to the regression coefficients (βi) 

allow the comparison with each other. Due to the 

different units within the regression coefficients it is not 

possible to get information about the strength of changing 

on the response value by marginal changes of the 

coefficients. Standardized beta coefficients 

𝐵𝑒𝑡𝑎j = 𝛽j

𝑠xj

𝑠y
 (3) 

allow a relative comparison of the explanatory values 

[14], with the standard deviation sxj of the independent 

variable xj and the standard deviation of the dependent 

variable sy. Thus, the Betaj indicates the change in the 

response value with a change of the independent 

variables by one standard deviation (of xj) while keeping 

all other independent variables constant. During the 

evaluation high beta values could indicate 

multicollinearity. This occurs, if there is a linear 

relationship between two or more independent variables. 

This problem of regression analysis may affect the 

accuracy of the model equation. A relatively simple 

identification is the variance inflation factor (VIF). 

𝑉𝐼𝐹j =
1

1 − 𝑅j
2 (4) 

Where R2
j is the coefficient of determination obtained by 

regressing the jth independent variable on the remaining 

independent variables. A VIF of 1 corresponds to the 

ideal state, a VIF ≥ 10 indicated already a high multiple 

correlation [15]. For the model validation a confirmatory 

test run was carried out. Six different solutions were 

prepared and detected with the experimental setup. The 

solutions contain random compositions of acids in the 

concentration range of the experimental design. 

 

 

3 RESULTS AND DISCUSSION 

 

3.1 Preliminary tests 

 In order to identify trends, two solutions at each 

concentration series were analyzed repeatedly at different 

days. Sound velocity and conductivity were taken 

tenfold, refractive index threefold and the reference 

solution 16-fold. The reproducibility of the sensoric 

devices was expressed via the relative standard deviation 

(υ) and is listed for each repeated measurement as well as 

for the reference solution in table I. Figure 2 (i) shows the 

results of the preliminary tests sound velocity as a 

function of weight percent for different acids. A good 

reproducibly, which can be seen on the replicate points 

and the υ results of the reference solution (table 1) was 

observed. The curve of HF in contrast to the other acids 

decreases with increasing concentration. To explain this 

curve progression, equation (5) was used and the bulk 

modulus plotted as a function of weight percent [16]. 

𝑐2 =
1

𝜌 ∙ 𝛿
 

(5) 

With sound velocity c, density ρ and the bulk modulus δ. 

Figure 3 (ii) shows that the bulk modulus of δH2SiF6 

decreases with a greater gradient than δHF 

(δH2SiF6 > δHNO3 > δHF). In addition, the density is plotted 

against the concentration in weight percent (fig. 2 (iii)). 

The results show that the bulk modulus of H2SiF6 in 

contrast to the HF falls steeply, thus the denominator in 

equation (5) becomes smaller, whereby the sound 

velocity becomes larger. The bulk modulus of HF 

changes only slightly with increasing concentration. This 

means that the density of HF has the greater influence in 

equation (5), the denominator becomes larger and the 

sound velocity decreases. It should be noted that the non-

linearity of the HNO3 for high concentrations occurs in 

the standard measuring range which may lead to 

misinterpretations during the equation modeling 

(fig. 2 (i)). 

 

Table I: Mean relative standard deviation (υ) for the 

replicates and the reference solution. 

 

Relative c κ n 

Standard deviation [%] [%] [%] 

HNO3 0.06 13.64 0.11 

HF 0.05 10.67 0.004 

Si in H2SiF6 0.09 9.64 0.01 

Reference solution 0.14 1.97 0.03 
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(i) 

 
(ii) 

 
(iii) 

Figure 2: Sound velocity (i), bulk modulus (ii) and 

density (iii) of individual acids as a function of the 

concentration in weight percent. 

 

 Figure 3 (i) shows the difference between strong and 

weak electrolytes. Strong electrolytes, such as HNO3 

differ in high concentrations due to the relaxation and 

electrophoretic effects from linear behavior. The HNO3 

curve reaches up to a conductivity of almost 900 mS/cm. 

It should be noted that the non-linearity of the HNO3 

curve could lead to misinterpretation during the equation 

modeling. Furthermore the conductivity electrode shows 

in this region a high relative standard deviation (table 1). 

In comparison, the standard deviation of the standard 

solution shows a low value of 1.97%. This is due to the 

lower conductivity of the standard solution and the 

associated proximity to the calibration range. The 

reproducibility of the refractometer is very good, as 

demonstrated by the low relative standard deviations in 

table 1 column n and the replicate points on the curve in 

figure 3 (ii). 

 

 

 
(i) 

 
(ii) 

Figure 3: Conductivity (i) and refractive index (ii) of 

individual acids as a function of the concentration in 

weight percent.  

 

3.2 NOx test  

 To examine the effect of the nitrous gases the relative 

standard deviation is estimated with the values of the 

physical measurement devices before and after the 

experiment as well as with ion chromatography. The 

results of the ion chromatography show that during the 

experiment NO2 has increased with an average of 

mNO2 = 345.2 mg. The mean relative standard deviation 

of all samples per each physical device was calculated. 

The highest value was found for the conductivity sensor 

υκ = 1.581%, the least for the refractometer υn = 0.003%. 

The mean relative standard deviation of the sound 

velocity was υc = 0.009%. Despite a low increase in the 

amount of nitrite no or negligible effects on the physical 

measurement methods are expected during a HF-HNO3 

process. 

 

3.3 DoE 

 For the statistical evaluation, especially the modelling 

the factors and response values of the CCD are 

exchanged  to obtain an empirical model, which 

quantitatively describes the relationship between the 

concentration of the acids (cHF, cHNO3, cSi in H2SiF6) and the 

physical variables (n, κ, c, t). The following pareto charts 

(fig. 5) of standardized (Beta) coefficients show the 

significant variables of the respective response value out 

of all effects (eq. (2)). During the evaluation the 

significance level (p-value) was set to 0.05 which means 

that the results are representative with a 95% level of 

confidence. Due to the use of beta coefficients 

information is obtained how a change of a factor affects 

the response value. These factors are listed in figure 4 in 

descending magnitude.  
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(i) 

 
(ii) 

 
(iii) 

Figure 4: Pareto charts of standardized coefficients of 

the response values HF (i), HNO3 (ii) and Si in H2SiF6 

(iii).  

 

The concentration of HF is determined with the use of the 

physical devices refractive index, sound velocity and the 

aid of temperature as shown in figure 4 (i). A change in 

refractive index value – squared (n2) and linear (n) - has 

the greatest impact on the concentration of HF. A small 

change in sound velocity and in the interaction of sound 

velocity with refractive index indicates a big change in 

the concentration of HNO3 (fig. 4 (ii)). Compared to HF 

(four terms) the equation of HNO3 involves more terms 

(seven terms), including linear (c, n, t, κ), interactive (c∙n, 

t∙n) and a squared term (n2). To determine the 

concentration of Si in H2SiF6 five terms are needed, 

including the linear values of κ, c and n the interaction of 

c and κ and κ2 (fig. 4 (iii)). With these pareto charts it is 

shown, that a change in refractive index mainly indicates 

a change in the concentration of HF, a change in sound 

velocity mainly indicates a change in HNO3 and a small 

change in the conductivity mainly indicates a big change 

in Si in H2SiF6. The presumption of multicollinearity, 

indicated by very high beta values was confirmed by 

calculating the VIF (table II). It was found that in the 

linear terms of the equation the temperature (VIFt ≈ 5) 

correlates with the physical variables. Moderate 

correlation is not necessarily problematic; the variance of 

the regression coefficient increases, which could lead to a 

less accurate prediction of acid concentrations. The 

tolerance in table II is defined as 1-R2. The smaller a 

tolerance of a variable, the redundant is their contribution 

to the regression.  

 

Table II: VIF of the linear factors c, n, t, κ. 

 

 Tolerance VIF R2 

t 0.1973 5.07 0.8027 

c 0.2210 4.52 0.7790 

κ 0.2607 3.84 0.7393 

n 0.3793 2.64 0.6207 

 

 The results graphically shown in the pareto charts can 

also be described as model equations: 

𝑦𝐻𝐹 = 𝛽1 + 𝛽1,1𝑥𝑐 + 𝛽1,3𝑥𝑛 + 𝛽1,4𝑥𝑡+𝛽1,3𝑥𝑛
2 

(6) 

𝑦𝐻𝑁𝑂3
= 𝛽2 + 𝛽2,1𝑥𝑐 + 𝛽2,2𝑥𝜅

+ 𝛽2,3𝑥𝑛+𝛽2,4𝑥𝑡 + 𝛽2,5𝑥𝑐𝑥𝑛

+ 𝛽2,6𝑥𝑡𝑥𝑛 + 𝛽2,8𝑥𝑛
2  

(7) 

𝑦𝑆𝑖 𝑖𝑛 𝐻2𝑆𝑖𝐹6 = 𝛽3 + 𝛽3,1𝑥𝑐 + 𝛽3,2𝑥𝜅

+ 𝛽3,3𝑥𝑛+𝛽3,7𝑥𝑐𝑥𝜅 + 𝛽3,9𝑥𝜅
2 

(8) 

 With βi; j where i = {HF, HNO3, Si in H2SiF6} and 

j = {c, κ, n, t, c∙n, t∙n, c∙κ, n2, κ2}. The adequacy of the 

model equation is expressed by the adjusted coefficient 

of determination. The value yHNO3 with R2
ad = 0.9737 is 

close to 1 and indicates a true description of the actual 

concentrations with the model. The results of 

yHF (R
2
ad = 0.5045) and ySi in H2SiF6 (R

2
ad = 0.4157) are very 

low. In figure 5 (i), (ii) and (iii) the observed versus the 

predicted values of each acid are shown. Especially in 

figure 5 (i) and (iii) the distribution of the predicted 

values is high, which reflects the low R2
ad values of HF 

and Si in H2SiF6. Especially the moderate adjusted 

coefficient of determination of Si in H2SiF6 could be 

caused by the high relative standard deviation of the 

conductivity, since this value is present in equation (8) in 

three out of five effects. That the observed values do not 

scatter, is due to the consistent concentrations of the 

acids, which have been used for the DoE.  
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(i) 

 
(ii) 

 
(iii) 

Figure 5: Observed versus predicted values and the 

adjusted determination of coefficient of the response 

value HF (i), HNO3 (ii) and Si in H2SiF6 (iii). 

 

3.4 Validation  

The model equations have been validated with a test run. 

Therefore six solutions with different concentrations of 

HF/HNO3/Si in H2SiF6 have been used. The values of c, 

n, t, κ were obtained and the intermediate recovery rate 

calculated. Although model yHF shows a less R2
ad the 

result of the intermediate recovery rate is the highest with 

96.40%. The concentration of HNO3 was found with an 

accuracy of 96.38%. The model equation for Si in H2SiF6 

with an accuracy of 78.74% leads to a big uncertainty of 

results. The model equations are valid for the 

concentration range seen in figure 5 and should not be 

extrapolated.  

 

 

 

 

4 SUMMARY  

 

 This work demonstrates as proof of concept that 

through the combination of sound velocity, conductivity 

and refractive index a system can be developed, which 

can be used for the inline analysis of all main 

components of etching baths. In preliminary tests was 

shown that the measuring results of sound velocity and 

refractive index are very reproducible compared to 

conductivity. In addition it was observed that NOx gases 

have no or negligible effects on the physical devices. The 

influence of different acid concentrations with respect to 

the physical parameters could be determined using DoE. 

With the aid of multiple linear regression model 

equations were created which describe the relationship 

between the concentration of HF, HNO3 and Si in H2SiF6 

and the physical values c, n, t, κ. The concentration range 

used were HF 50 - 70 g/l, HNO3 500 - 700 g/l and 

Si in H2SiF6 0.5 - 9.5 g/l. The measuring temperature 

should be between 10 and 30 °C. Furthermore it should 

be noted that the presumption of multicollinearity 

indicated by high beta-values was confirmed. The model 

equation predicts the concentration of HF with a recovery 

rate of 96.40%, HNO3 with 96.38% and Si in H2SiF6 with 

78.74%. 
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