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ABSTRACT: A novel non-destructive and contactless approach for measuring the base resistivity of emitter-diffused, 

partially-processed wafers is introduced. The method is based on temperature-dependent resistivity analysis and 

referred as temperature-dependent resistivity slope model (TRSM). It is developed for p-type boron-doped silicon 

wafers used in industrial applications with base resistivities ranging from 1 to 5 Ωcm. A sensitivity analysis is carried 

out on TRSM to determine the limits of this simple approach and the results show that TRSM can determine the base 

resistivity with an accuracy of 90%. The main limiting factor is the reproducibility from the measuring tool with a 

mean error of 6% on the TRSM results. Finally, the base resistivity of emitter-diffused, partially-processed wafers (in 

this work referred as precursor wafers) obtained from TRSM is compared to two reference approaches and showed 

mean error percentages of less than 10%. 
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1 INTRODUCTION 

Resistivity is a fundamental property of a material 

that quantifies how strongly the material resists the flow 

of electric current. Resistivity serves as an input 

parameter to find other material properties like doping 

concentration, mobility [1] etc. In PV industries, most of 

the precursor wafer suppliers provide wafers with a wide 

range of base resistivities and knowing the accurate base 

resistivity of these wafers becomes critical for industrial 

and research purposes. Analysing the base resistivity is 

important for quality control at different processing 

stages of solar cells for example it is necessary to find 

optimal processing parameters like the pitch of laser 

contact openings (LCO) at the later processing stages of 

the solar cell [2] and to determine the presence of 

electrically active complexes like thermal donors [3].   

To measure the resistivity of a wafer, different 

approaches have been established. Four-point probe 

(FPP) technique [4] is one of the most successful and 

widespread techniques used as a standard in the 

semiconductor industry for determining the resistivity of 

a wafer. It is an absolute resistivity measurement without 

recourse to calibrated standards. For an arbitrarily shaped 

sample and equal spacing between the probe tips, the 

base resistivity can be expressed as: 

ρ =
π

ln2
∗ 𝑡 ∗

V

I

     (1) 

Here, 𝜌 is the resistivity (Ωcm), V the voltage (mV), I 

the current (mA) and t the thickness of the sample (cm). 

The Eq. (1) is valid provided the sample thickness is 

smaller than the spacing of the probe tips. As the probe 

tips need to touch the sample or even penetrate its 

surface, resistivity measurements performed with FPP 

can cause local damages especially to emitter or 

passivation layers. If both sides of a precursor wafer are 

measured, base and emitter resistances can be separated. 

If the coating of the sample is mechanically too strong or 

thick to be penetrated by the tips, FPP cannot be applied. 

Inductive eddy current (EC) resistivity measuring 

technique [5] is a non-destructive approach. When 

measuring a precursor wafer, EC technique measures the 

total sheet resistance (RT) which is the parallel 

summation of emitter (RE) and base sheet resistance (RB), 

see Eq. (2). Hence, it becomes impossible to determine 

the base sheet resistance using only the EC technique for 

a precursor wafer. 
1

RT
=

1

RE
+

1

RB

(2) 

A non-destructive approach, which is based on 

photoluminescence imaging (PLI) and photoconductivity 

(PC) techniques has already been proposed by Höffler et 

al. [6]. The PLI–PC approach is a robust method to 

determine the base resistivity of a precursor wafer with 

error percentages as low as 10%. 

In this work, an alternative non-destructive method 

referred to as temperature-dependent resistivity slope 

model (TRSM) is introduced to determine the base 

resistivity of a precursor wafer using WCT-120TS also 

called as temperature-stage quasi-steady-state 

photoconductivity (TS-QSSPC) from the company Sinton 

Instruments [7] 

2 THOERY 

Many material properties like resistivity, mobility, 

and lifetime change with temperature [8]. In order to be 

able to compare the results, the measurements should 

always be performed under standard testing conditions 

(e.g. at 25°C). In this paper, the effect of temperature on 

base sheet resistance and emitter sheet resistance is 

studied extensively and using these results, TRSM is 

developed to determine the base resistivity of a precursor 

wafer. In order to understand the temperature dependence 

on emitter sheet resistance and base sheet resistance 

separately, the mobility model from Dorkel and Leturcq 

[9] was chosen. Dorkel and Leturcq mobility model

describes the effect of doping, injection level and

temperature on the overall mobility computation in

cogent manner. The reason for choosing Dorkel and

Leturcq mobility model as a standard model is because of

its simplicity, pragmatic approach, ability to clearly

distinguish between lattice scattering [10] and ionic [11]

scattering mechanisms and finally the tool used for this
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analysis, i.e., WCT-120TS, uses Dorkel and Leturcq as 

the standard model as well. The Dorkel and Leturcq 

model contains three dominant scattering mechanisms 

namely: lattice scattering, impurity scattering and carrier-

carrier scattering [12]. Lattice scattering is caused due to 

the vibration of the lattice atoms and is temperature-

dependent. Impurity or ionic scattering is due to the ionic 

impurity atoms attracting the free charge carriers. 

Impurity scattering is temperature and doping 

concentration dependent. Carrier-carrier scattering is due 

to the collision of free charge carriers and depends on 

temperature and concentration of electrons and holes. All 

the above scattering mechanisms are combined to 

determine the overall mobility. Resistivity is calculated 

using the overall mobility and doping concentration. 

 A Dorkel and Leturcq model simulating tool was 

developed and temperature-dependent resistivity analysis 

was carried out for typical emitter and base layers used in 

the photovoltaic industry (Table I).  

 

Table I: Properties of typical emitter and base layers.  

                                                Base                 Emitter   

Thickness (µm)     180                      3 

Type of doping        p-type                n-type 

Doping concentration (cm-3)     1015-1016           1018-1019 

 

 
Figure 1: Simulation of the temperature dependence of  

RSH for typical base resistivities using the Dorkel and 

Leturcq mobility model.  

 

 
Figure 2: Simulation of the temperature dependence of 

RSH for typical emitter layers using the Dorkel and 

Leturcq mobility model. 

 For typical base resistivities in the range of 1 to 5 

Ωcm (Figure 1), we observe a strong temperature 

dependence and with increase in the base resistivity, we 

observe that the slope of the curve increases, whereas in 

the case of the typical emitter layers with sheet resistance 

ranging from 50 to 150 Ω/□ (Figure 2), only a marginal 

increase of resistance with respect to temperature is 

observed.   

 Clearly, from Figure 1 and Figure 2 the RSH vs. 

temperature behavior for the emitter and base layer is 

different. Thickness of the sample or the type of doping 

cannot explain such differences in temperature vs.  RSH 

results, but doping concentration does. Detailed analysis 

was carried out to understand the effect of doping 

concentration on RSH vs. temperature (Figure 3). It is 

observed that carrier-carrier scattering does not have a 

significant role. The overall mobility is dominated by 

lattice mobility at low doping concentration, i.e., typical 

base layers. At doping concentrations of 1017 cm-3, the 

overall mobility is equally dominated by both, ionic and 

lattice mobility. At high doping concentration, i.e., 

typical emitter layer, the overall mobility is dominated by 

ionic mobility. Hence, because of the different dominant 

scattering mechanisms, emitter and base layer behave 

differently with respect to temperature.   

 

 
Figure 3: Simulated results of mobility vs. doping 

concentration using the Dorkel and Leturcq mobility 

model. 

 

 

3 TEMPERATURE-DEPENDENT RESISTIVITY                                                                                                       

SLOPE MODEL (TRSM) 

 

 In the previous section, it has been shown that the 

emitter and base have different temperature vs. RSH 

behavior. The base layer has a strong temperature 

dependence whereas in the emitter layer remains almost 

constant with increase in temperature. Since the total 

sheet resistance is the parallel summation of emitter and 

base sheet resistance (Eq. (2)), the lowest resistance 

among emitter and base dictates the overall sheet 

resistance. At higher temperatures, the base sheet 

resistance is very high and hence the overall sheet 

resistance is closer to the emitter sheet resistance. A 

theoretical model is developed such that, if the slope of 

the overall sheet resistance is known at 85 to 90°C, 

emitter sheet resistance is deduced from it. The range of 

85 to 90°C is chosen out of practical reasons from the 

experimental setup. With the measured data of the total 



Presented at the 36th European PV Solar Energy Conference and Exhibition, 09-13 September 2019, Marseille, France 

 

 

 

 

resistivity and the calculated data of the emitter, the base 

sheet resistance can be computed. 

 The first step in the development of our theoretical 

slopes model (Figure 4) is to simulate the temperature-

dependent sheet resistance values of base resistivity 

ranging from 1 to 5 Ωcm and for 3 emitter layers with 

sheet resistance of 50, 100 and 150 Ω/□. One emitter 

sheet resistance is fixed and using all the different base 

resistivities, temperature-dependent total sheet resistance 

data is obtained using Eq. (2). The same procedure is 

implemented for the other emitter layers.   

 The second step of the model development is to 

determine the slopes of these base, emitter and total sheet 

resistances vs. temperature data. The average slope at 85 

to 90°C of different total sheet resistances obtained from 

one emitter and different base resistivities is determined.  

 In the final step, the average total sheet resistance 
slope at 85 to 90°C is equated to the emitter sheet 

resistance and by interpolating the simulated data, a 

generalized equation is developed using which the 

emitter sheet resistance can be deduced for a precursor 

wafer.  Base resistivity can be determined using Eq. (2). 

 

 
Figure 4: Flowchart of the TRSM approach 

 

 The results of the TRSM were validated with the 

online resistivity simulating tool PV Lighthouse [13] and 

it was found that the mean error percentage of TRSM is 

less than 10% for the wafers from the calibration set 

mentioned above. Sensitivity analysis on TRSM was 

carried out to investigate the accuracy of the model and 

to find regions with increased error percentage. 

 

 
Figure 5: Contour plot of the sensitivity analysis of 

TRSM  

 From Figure 5, it can be observed that at low base 

resistivities and high emitter RSH, the error percentages 

are very high. The error percentages go up to 17%. 

During the development of TRSM model step 2 and 3 

(Figure 4), the average total RSH slope at 85-90°C is 

correlated to the emitter sheet resistance. For a given 

emitter layer the average total sheet resistance lies 

between base resistivities of 2.5 to 3.5 Ωcm. Hence we 

observe lower error percentages in the middle region and 

as we move away from this zone, high error percentages 

are observed.   

 

 

4 EXPERIMENTAL PROCEDURE 

 

 In order to validate the TRSM, a set of Cz 10 samples 

with alkaline texture, emitter and rear-side passivation 

have been selected (Figure 6).  

 

 
                                 

Figure 6: Schematic representation of the typical 

selected sample  

 All the selected samples have a lightly p-doped base 

layer (1-3 Ohm.cm), a highly n-doped emitter layer, and 

thin antireflection coating (ARC) and rearside 

passivations. Figure 7 illustrates the various processing 

steps and measurements performed on the selected 

sample set.   

 

 
Figure 7: Schematic representation of various processes 

involved in the experimental procedure 

 

For the selected precursor samples, the thickness is 

measured capacitively and the total sheet resistance is 

measured inductively with the commercially available 

tool MX 152 from the company E+H Metrology [14]. 

Four-point-probe (FPP) measurements are performed on 

the front side of the sample to determine the emitter sheet 

resistance with the commercially available tool FPP-

SCAN from the company PV-Tools [15]. The total sheet 

resistance from MX 152 and the emitter sheet resistance 

from FPP-SCAN are used to determine the base 

resistance of the sample and we use it as our first 

reference value. In this study, this is referred to as “FPP–

EC approach”. The temperature-dependent measurements 

1 

• Determine the absolute RSH 
vs. temperature 

2 

• Determine the average total 
RSH vs. temperature slope at 
85°C to 90°C  

3 

• Generalized equation to 
determine the emitter RSH  

10 precursors (4 groups) 

1. Capacitive thickness measurement 

2. Inductive measurement of total RSH 

3. FPP-measurement of emitter RSH  

4. Inductive measurement of  total RSH vs 
temperature 

5. Etchback of SiN ARC & highly doped layer 

6. Capacitive thickness measurement 

7. Inductive measurements of base RSH on etched 
back sample  
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of the total sheet resistance are performed on the 

commercially available tool WCT-120TS from Sinton 

Instruments. TRSM is applied to the temperature-

dependent total sheet resistance measurement and the 

base sheet resistance is predicted. The next processing 

step involves chemical etching, in which the emitter layer 

and ARC are etched back using chemicals like nitric acid 

(HNO3) and hydrofluoric acid (HF). Again the thickness 

and resistivity are measured with a MX-152. Now, the 

inductively measured resistivity equals the base 

resistivity and we have a second reference value for 

comparison. In this study, it is referred to as “no emitter 

EC approach”. 

 

 

5 RESULTS 

 

 Figure 8 depicts the reproducibility of the slopes at 

85 to 90°C for a single sample measured on WCT-120TS 

tool. It is evident from Figure 8 that the results are not 

completely constant for the selected sample and this can 

have a significant effect on the TRSM. TRSM uses the 

measured slope at 85-90°C and when the slope deviates 

due to lack of reproducibility, it can negatively influence 

the computation of base sheet resistance. The effect of 

instrumental drift from the tool led to a mean error 

percentage of 6% on the TRSM and hence, it was used as 

the error bar for TRSM in final comparison (Figure 9).    

 

 
Figure 8: Reproducibility test of the same wafer 

performed on the temperature-dependent resistivity 

measuring tool 

 Figure 9 represents the quantitative comparison of the 

TRSM with respect to no emitter EC approach and FPP-

EC approach. Red triangles represent the comparison of 

TRSM with respect to no emitter EC approach, blue 

triangles represent the comparison of TRSM w.r.t FPP-

EC approach and the dashed line is the bisecting line. For 

most of the wafers, the reference values are met within 

the accuracy of the method. Certain differences are 

observed in the two reference values for the base 

resistivity (less than 5 %) and this can be because of 

different characterizing techniques and the lack of 

reproducibility of the measuring tools. From Korsós et al. 

[16], it has been observed that measuring the emitter RSH 

of a precursor wafer by means of FPP approach is highly 

dependent on the surface properties of the passivation 

layer. If we have a rough surface, then no good contact 

between the measuring tips and the wafer surface can be 

made. It was observed that single FPP measurement 

always had lower emitter RSH values and several 

subsequent measurements at the same point have 

increased the measured emitter RSH to the reference 

values due to better contacting between the measuring tip 

and the wafer emitter surface. In this paper single FPP 

measurements were performed on the emitter layer and 

hence lower emitter RSH is measured. Since lower emitter 

sheet resistance is measured, we observe overestimation 

of the base resistivity (Figure 9) using FPP-EC approach 

incomparison to no emitter EC approach. 

 

 
Figure 9: Comparison of predicted base resistivity from 

TRSM with respect to base resistivity measured on FPP 

after emitter layer etched back and base resistivity 

measured by combining the results obtained from 

inductive EC and FPP techniques for precursor wafer. 

   

 In Figure 10, the error percentage of the predicted 

values of base resistivity from TRSM is compared to 

other reference approaches. It is observed that for most of 

the  wafers which had high error percentages w.r.t no 

emitters FPP approach also had higher error percentages 

w.r.t FPP-EC approach. The mean error percentage of 

TRSM w.r.t no emitter FPP approach was found to be 7% 

and TRSM w.r.t FPP-EC approach was 10.5%. From 

Figure 9 and Figure 10, it can be concluded that TRSM 

can be considered as novel approach to determine the 

base resistivity of a precursor wafer. 

   

 
Figure 10: Error percentages of the selected sample set 
w.r.t the two reference approaches 

https://aip.scitation.org/author/Kors%C3%B3s%2C+Ferenc
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 Though no emitter EC approach appears to be a 
reliable base resistivity measuring technique, the 
unintentional etching of base layer can marginally 
influence accurate base resistivity measurements. FPP-
EC approach is a destructive approach for measuring the 
base resistivity and also the accuracy of the measured 
emitter RSH using FPP approach for a precursor wafer is 
dependent on the roughness of the passivation layer [17]. 
PLI-PC approach is an alternative non-destructive 
approach using two characterizing tools (PL and QSSPC) 
to measure the base resistivty of a precursor wafer, but 
the accuracy of this approach is constrained by the 
calibration factor [6]. Differences in the calibration factor 
of calibration wafer and test wafer can cause inaccuracy 
in estimating the base resistivity of precursor wafer. 
Finally, TRSM is a non-destruvtive approach using a 
single characterizing tool (TS-QSSPC) to determine the 
base resistivitiy of precursor wafers. But this approach is 
only valid for base resistivites ranging from 1-5 Ωcm and 
for only boron-doped base layers. 
 

 

6 CONCLUSION 

 

 A novel non-destructive approach temperature-

dependent resistance slope model (TDSM) is developed 

which can measure the base resistivity of an emitter-

diffused partially-processed wafer with mean error 

percentages less than 11%. The base resistivity predicted 

from TRSM was compared with respect to no emitter EC 

approach and FPP-EC approach. For the broad range of 

the selected sample set, the results showed good 

correlation between the different base resistivity 

measuring techniques. Certain constraints of TRSM are: 

it is only valid for base resistivities ranging from 1 to 5 

Ωcm and the base layer should be boron-doped. From 

sensitivity analysis the mean error percentages of TRSM 

was found to be less than 10% and lack of reproducibility 

from the measuring instrument has led to error 

percentages up to 6%. 
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