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Abstract: Multicrystalline silicon solar cells are one of the most commonly available solar cells worldwide. These cells have 
concave etching pits on the front surface as texturing features that are further decorated by the deposition of the antireflection 
coating (ARC) on solar cells. Several process control measures are available for texturing such as etch depth measurement or 
inline reflection sensors but subtle topological variations are allowed within the process limits which produce variations in the 
final product related to current output and appearance. Whereas most of the methods are focused on the texturing process, the 
ARC process can also be finely controlled with respect to texturing batches to nullify such variations. We propose the use of a 
rapid and sensitive method of confocal microscopy to parameterize the surface topology of the textured wafer and control the 
antireflection coating to maintain a uniform efficiency and appearance of the solar cells. As the measurement and analysis time 
is of the order of seconds, the technique can also be used for inline sampling for controlling the antireflection coating thickness.  
Index terms: Silicon solar cell, confocal microscopy, surface topology, surface roughness, developed interfacial area ratio   

I. INTRODUCTION 
Front texturing and the deposition of antireflection coating (ARC) are the key features of the fabrication of a solar cell for enhancing 
the light absorption. The deposition of ARC gives the solar cells its characteristic blue appearance. Any variation in the quality of 
texturing or ARC produces not only the power output variation but also changes in solar cell appearance. Since solar cells are 
assembled together into the solar modules, the uniformity in the appearance of the solar cells is a desirable feature for aesthetics 
reasons and adds value to the product. 
Even slight variations in the overall texturing can change the thickness of ARC and the solar cell appearance because the color of 
the solar cell is decided by the thickness of ARC. The thicker ARC produces a light blue color whereas thinner ARC produces rich 
blue to purple hue (Fig. 1). This is because ARC is deposited as a conformal coating and the variations in the total surface area due 
to texturing process changes the material available for maintaining a thickness value. Since ARC only accentuates the texturing 
variations, the prior batch-wise detection of such texturing variations can be used to tune the ARC deposition process. 
The common methods for detection of texturing quality are the etching depth measurement and sensing the laser beam(s) reflection 
from the textured wafers. Scanning electron microscopy (SEM) and laser scanning microscopy (LSM) has also been reported for 
process development, but the treatment is qualitative in nature and cannot be used to industrial process control [1][2][3]. We 
propose the use of a sensitive and quantitative method of confocal microscopy to differentiate the texturing i.e., the increase in 
surface area from the roughness of the surface. We have seen that the ARC variation is explainable by the texture rather than the 
surface roughness values. Such detection of texturing can be used for both controlling texturing and, prior to the deposition of ARC, 
to finely tune the deposition timing and produce uniform appearance of the solar cells independent of the unwanted but unavoidable 
variations in the texturing process.   

II. SOLAR CELL PROCESSING 
Solar cell texturing process increases the surface area on the incident side of the solar cell. This helps in light absorption by having 
more area available for the absorption of light and increased opportunities for internal reflections. During texturing, a combination 
of horizontal and vertical etching by the chemicals provide the etch depth and the texturing to the wafer. Any change in the 
chemistry, chemical bath temperature or wafer surface can introduce difference in the texturing quality. Novel approaches such as 
ion chromatography and measurement of chemicals’ physical parameters have been reported for inline process control [4][5][6]. 
Another inline process control tool for texturing is based on the reflection of laser beams from the textured wafer. But the common 
practice to control the variations in the texturing is the measurement of the etch depth [7]. Even though the etch depth and the 
texturing quality are related, more etch depth does not ensure more texturing. Thus, an optimum depth is maintained for a given 
chemistry as a crude but simple measure to get the desired texturing effect.  
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After texturing; impurity diffusion, single side etching and phosphosilicate glass (PSG) removal is carried out. The next process is 
the deposition of Antireflection coating (ARC) in a vacuum chamber using plasma enhanced chemical vapor deposition (PECVD) 
method. PECVD deposits a conformal coating of about 80 nm of silicon nitride (SiNx) on the features produced by texturing 
process. Since ARC thickness is usually controlled by the deposition time for the process, the thickness of the PECVD coating is 
very sensitive to the actual change in the surface area produced by texturing. If the surface area of the wafers decreases due to 
reduced texturing, ARC for a given deposition time will be relatively thicker and vice versa. So, it is the combined effect of 
texturing and ARC that decide the light trapping and appearance of the solar cells. As the optimum thickness of ARC is critical for 
the solar cell design, these thickness changes compromise the efficiency of the device as well. 

III. CONFOCAL MICROSCOPY 
Confocal microscopy or confocal laser scanning microscopy (CLSM) is a technique to study the topology of the surfaces by using 
the interference between two incident laser beams reflected from the surface. With the optical resolution of the order of nanometers, 
it can provide a detailed map of a section of the wafer surface in three dimensions and enables the numerical estimation of various 
surface parameters. With such estimations, direct measures of the surface topology can be obtained in contrast with the other 
indirect methods mentioned earlier (Section II). The common surface and height parameter derivable from the CLSM images are 
arithmetic mean height or average roughness(Sa), root mean square roughness (Sq) and interfacial area ratio (Sdr) etc. Table 1 
summarizes various surface parameters and their description for comparison purposes. The use of CLSM parameters have been 
reported earlier for solar cell texturing process, but as a qualitative tool in regard with parameters Sa and Sq [8]. But these height 
parameters capture the extent of vertical etching into the wafer. This may not necessarily capture the effectiveness of texturing. The 
desirable texturing will produce uniform undulations that maximize the surface area without producing deep features which cause 
shunt failures and recombination losses [9]. It is argued here that the desirable texturing is measured by Sdr which measures the 
increase in the surface area over the ideal flat plane. Sdr can differentiate surfaces of similar roughness and increases as spatial 
intricacy or texture is increased. Reference [10] mentions Sdr along with Sa for studying the texturing process. It was also observed 
that etch depth is not a good measurement for diamond cut silicon wafers as no correlation was observed between etch depth and Sdr 

[10]. This implies that the control of ARC over the texturing control which is implemented using etch depth method can bring 
significant process improvements. Here we have used CLSM and Sdr measurements for tuning ARC rather than texturing process. 
As the industrial practice of using etch depth is not sensitive to the detailed topology, CLSM can provide an additional measure to 
insulate ARC from variations in the texturing process. 

Table I Commonly used areal parameters used to describe the surface properties. 
Parameter Numerical expression Description 

Maximum 
height (ܵ௭) 

ܵ௭ = max(ݔ, (ݕ + min(ݕ,ݔ) Maximum height (peak to valley) of 
the areal surface defined by x, y 
coordinates 

Average 
roughness (ܵ௔) 

ܵ௔ =
1
ܣ
ඵ ,ݔ)ܼ|  Average roughness evaluated over ݕ݀ݔ݀|(ݕ

the complete 3D surface. Z is the 
height parameter. A is the total 
scanned area 

Root mean 
square 
roughness (Sq) 

ܵ௤ = ඨ
1
ܣ
ඵܼଶ(ݕ,ݔ)݀ݕ݀ݔ 

Root mean square roughness is 
equivalent to the standard deviation 
in the peak heights. 

Developed 
interfacial area 
ratio (ܵௗ௥) 

ܵௗ௥

=
1
ܣ
቎ඵቌඨቈ1 + ൬

(ݕ,ݔ)ݖ߲
ݔ߲

൰
ଶ

+ ൬
(ݕ,ݔ)ݖ߲
ݕ߲

൰
ଶ

቉

− 1ቍ݀ݕ݀ݔ቏ 

Additional surface area contributed 
by the texture as compared to an 
ideal plane the size of the 
measurement region 
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IV. EXPERIMENTS AND ANALYSIS 
The analysis of texturing and ARC thickness control using CLSM was carried out on the slurry cut multicrystalline wafers, but the 
approach is a generalized one. The texturing was carried out in inline tool by Rena® using HF: HNO3 mixture. The variation in 
texturing producing different ARC colors shown in Fig.2 was produced by the variation the chemical composition of the bath. ARC 
deposition was carried using PECVD tool by Centrotherm®

. Single layer ARC was used for all the samples used. CLSM 
measurements were carried out on Zygo® optical profiler with lateral range of 166 micrometers, vertical resolution of 0.1 nm and 
lateral resolution of 0.5 micrometers. The thickness of ARC was measured on single wavelength ellipsometer by Sentech Instrument 
Gmbh.    
Fig. 2 shows the relation between the short circuit current (Isc) of the solar cells and the thickness of the ARC. The samples are 
drawn from two batches with different texturing parameters (Texture A and B). It is seen that the ARC thickness and texturing 
together decide Isc of the device. The difference in texturing evident in Fig. 3 even in solar cells can be parametrized for process 
optimization by measuring the texturing using CLSM. It may be noted a nanometer-scale ARC is deposited on the micrometers-
wide texturing structures. So the topology of the texturing features is still available for inspection even after ARC deposition. 

Fig. 1  The ARC thickness of two wafers with same ARC parameters but different texturing. The variation in color is caused by the 
difference in underlying texturing. The marked areas are for taking the CLSM and ellipsometric measurements at the same spot. 
To investigate the effect of texture on ARC, various wafers with different texturing and identical ARC deposition parameters have 
been used.  Etch depth for all the batches were in 2.0 μm-2.6 μm range. The etch depth for each individual sample was not 
measured. CLSM measurements were carried out on 3 – 4 points on the wafers identified with their x-y position on the surface. Fig. 
3 shows grey scale image from 50x microscope from CLSM setup and the 2D projection created for parameters estimation of a 
typical surface mapping for a textured silicon wafer. The local area mapped in 3-D were used to calculate average roughness (Sa) 
and developed interfacial area ratio (Sdr). After that, ARC was deposited on the wafers and the local ARC thickness measurements 
were also carried out using ellipsometric measurements at the same spots marked earlier. Fig. 4 shows the relationship between the 
ARC thickness and the CLSM parameters. Fig. 4(a) shows the ARC thickness does not have a strong relationship with height 
parameter Sa whereas in Fig. 4(b), a clear relationship between Sdr and ARC thickness value is evident. Sa and Sdr have been 
calculated from the same CLSM measurements. When the value of Sdr is low indicating less texturing, the ARC layer is thicker 
because the reactive molecules available for deposition during the plasma conditions have lesser area for deposition, so they stack 
vertically for thicker films. On the other hand, when the Sdr value is high, the available molecules need to spread thinner to cover a 
larger area. As the plasma is on for the same time for both the cases, the total thickness of the ARC layer decreases for higher Sdr 
values. It is seen that Sdr provides greater sensitivity for ARC process control than the roughness parameter Sa and can be used as a 
process control parameter. 
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Fig. 2 The variation in the short circuit current (Isc) of the solar cells with ARC for two different texturing conditions. Both ARC 

and texturing contribute to the solar cell Isc values. 

Fig. 3  (a) Grey scale image (50x resolution) of textured surface produced by CLSM setup and (b) Color map of texture for image 
processing and extraction of areal parameters. 

From Fig. 4(b), the difference of 0.2 in Sdr value can cause the ARC thickness change of about 5 nm in the ARC thickness. This is 
very significant and can completely change the solar cell appearance and efficiency. Since the deposition rate of ARC is ~ 0.5 
nm/sec, the thickness can be batch-wise controlled by changing deposition time by 12-13 seconds for every 0.1 change in Sdr from a 
reference value.  
A proposed method is to sample a wafer every batch (usually 1000 wafers) and compare Sdr with the baseline value. Using the 
relation in Fig. 4(b), the expected thickness can be estimated. The single measurement and image processing time for CLSM is 10-
12 seconds where the ARC process time is around 40 minutes. So the expected variation can be ascertained well in time for the next 
batch and the deposition time can be varied to control thickness. This would nullify the variation in thickness and produce uniform 
appearance across batches. It can also nullify the ARC changes with the texturing chemical bath age. 
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Fig. 4 The relationship of the ARC thickness with the areal (3D) parameters derivable from CLSM measurement. (a) ARC thickness 
shows poor relation to the measured average roughness (Sa) (b) ARC thickness and interfacial area ratio (Sdr) shows trend that can 

be exploited to predict ARC thickness. Sa and Sdr have been calculated from the same measurements. 

V. CONCLUSION 
We have established interfacial area ratio (Sdr) as the relevant parameter for measuring the texturing for ARC process control. This 
enables the process engineer to fine tune the deposition time of the PECVD deposition for antireflection coating for each and every 
batch. The application of this technique will result in nullifying the effect of minor variations in texturing process to produce 
consistent current and color for all solar cells thereby enhancing the aesthetic appearance of the solar modules. 
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