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Introduction
In order to obtain high-efficiency solar 
cells, a light-trapping process is necessary 
[ 1 ] .  Th e  m o st  co m m o n  textu r i n g 
technique is wet etching in a hot alkaline 
solution [2], which results in the formation 
of pyramids protruding from the silicon 
wafer surface. This surface structure 
has a very low reflectivity, but the wet-
etching method is available only for 
<100>-orientation single-crystal Si wafers 
[2]. For multicrystalline silicon wafers 
(mc-Si) [1], alkaline texture solutions 
are unsatisfactory due to the existence of 
different crystal face grains. However, acid 
texture solutions have been successfully 
applied to mc-Si wafers and, because this 
method is low cost and suitable for mass 
production, it has been adopted for mass 
production of mc-Si wafers. In general, the 
mixture solutions (including nitride acid, 
hydrofluoric acid and deionized water) 
are used to etch an mc-Si wafer to obtain 
a surface that is covered in shallow pits, 
which improves the absorption of light 
and enhances the short-circuit current 
density of solar cells. Hauser [3] considers 
that a good texture needs a balance of low 
reflectance and the amount of damaged 
layer removed; the cause of dark lines on 
the mc-Si wafer surface and their influence 
on the efficiency of solar cells have been 
studied by Cao [4].

Texture conditions have a significant 
effect on the backend process and the 
efficiency of solar cells. In this paper, the 
variations of surface morphology with 
different etch depths are analyzed. The 
influences of morphology variations on 
diffusion, antireflective film deposition and 
bus-bar adhesion are also studied. Finally, 

the best etching depth is determined in 
relation to the efficiency of the solar cells.

Experimental procedure
In this work, a selection of 156mm × 
156mm boron-doped mc-Si wafers are 
used, having resistivities ranging from 0.8 
to 3.0Ωcm and thicknesses of (200±10)
μm. The wafers are first immersed in 
an ultrasonic bath with a cleaning agent 
at 60°C to remove any greasiness. In 
the second part of the procedure, the 
different etch-depth wafers are obtained 
by adjusting the process temperature and 
operating time of the texture machine. 
Making the solar cells in the next stage 
involves the following processes: diffusion, 
isolation, antiref lective film coating, 

electrode printing and co-firing. Finally, the 
cells’ IV characteristic curves and electrical 
properties are determined using pulsed 
solar simulators and a measuring system.

The wafers are divided into four groups 
of different etch depths as shown in 
Table 1. The characteristic parameters of 
the different groups are analyzed in each 
process, according to the test sequence 
given in Fig. 1.

Results and discussion

Influence of etch depth on surface 
reflectance and texture profile
Measuring the saw-damage layer thickness 
is always a difficult task [5], but we 
were able to determine this value in our 
experiments. The etch depth is calculated 
from the etching quality and the area; for 
example, if the quality = 0.55g and the area 
= 156 × 156 = 243.36cm2, then the depth 
= [(0.55/2.33)/243.36]/2 = 4.85μm (where 
the density of Si = 2.33g/cm3). The surface 
profiles, observed by a scanning electron 
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Group	 A	 B	 C	 D

Etch depth [μm]	 2.82	 3.83	 4.41	 5.92

Table 1. Etch depths of test groups.

Figure 1. Test process sequence.

Pre-cleaning (4 groups) 1 

Texture (measure etch depth and reflectance) 2 

PECVD (measure thickness of antireflective film) 5 

Diffusion (measure sheet resistance) 3 

Edge isolation 4 

Printing and firing (measure bus-bar tensile strength) 6 

Cell test (measure electrical properties of cells) 7 
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microscope (SEM), are shown in Fig. 2, 
and the surface reflectances, measured by 
the reflectance tool (ZOLIX Instruments 
SCS1011) at different wavelengths, are 
shown in Fig. 3. 

Based on the SEM images, it is evident 
that the etch pits become larger as the 
etch depth increases. At the beginning 
of the reaction, the saw damage is the 
starting point of the reaction in the HF and 
HNO3 mixture texture solution. The etch 
rate of the position of crystal dislocation 
is higher than the etch rate of other areas. 
So, as the etch progresses, the wafer 
surface forms long, narrow bow-like pits 
that have no specific orientation. These 
etch pits are similar in shape to crystal 
dislocation, but are much denser. As the 
etch depth increases further, the damage 
layer is completely removed, the etch rate 
becomes equal in all directions and the 
adjacent holes begin to merge. These factors 
finally cause the pits to become larger and 
circular, resulting in shiny wafers that can be 
observed by the naked eye. With increasing 
etch depth, the reflectance of the surface 
increases, causing greater loss of light.

Influence of etch depth on the  
diffusion sheet resistance
The test uses a tube diffusion machine 
to perform the phosphorus diffusion 
and a four-point probe (4pp) resistance 
measurement [6] to determine the sheet 
resistance (Rsq). The results are shown in 
Fig. 4. It is seen that initially Rsq decreases as 
etch depth increases, but at an etch depth of 
5.92μm, Rsq is increasing. 

It was also found in our subsequent 
verification experiments that there is no 
clear relationship between Rsq and etch 
depth. According to Fick’s first law:
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t h e  i m p u r i t y  d i f f u s i o n  c u r r e n t 
density J is proportional to the surface 
concentration gradient of the impurity. 
The diffusion coefficient D depends on 
the diffusion temperature, the type of 
diffusion impurities and the concentration 
of impurities, as well as other factors [7].

Liquid POCl3 is used as the diffusion 
source and reacts with the oxygen in the 
tube at 800°C, according to the equation:

4POCl3 + 5O2 → 2P2O5 + 6Cl2 	 (2)

At the correct temperature, the reaction 
product P2O5 reacts with the silicon and 
generates SiO2 and phosphorus. This 
reaction equation is:

2P2O5 + 5Si → 5SiO2 + 4P	 (3)

It can therefore be concluded that 
when POCl3 and O2 concentrations 
are saturated, Rsq depends on diffusion 

Figure 2. SEM images for samples of different etch depths: a) 2.82μm, b) 3.83μm, c) 
4.41μm and d) 5.92μm.

Figure 3. Surface reflectance at different wavelengths for etch depths of 2.82μm, 
3.83μm, 4.41μm and 5.92μm.

Figure 4. Sheet resistance for etch depths of 2.82μm, 3.83μm, 4.41μm and 5.92μm.
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temperature, but there is little relation to 
surface conditions.

Influence of etch depth on thickness of 
the PECVD film
A tube-type plasma-enhanced chemical 
vapour deposition (PECVD) machine 
is used to deposit the SiNx layer, and the 
reaction gases are SiH4 and NH3. The film 
thickness is measured by ellipsometry, and 
the values obtained for the thickness are 
shown in Fig. 5. The results indicate that 
the thickness of the film is greater as the 
etch depth increases.

“The results indicate that the 
thickness of the film is greater as 

the etch depth increases.”
The PECVD coating mechanism is 

described as follows [8]. High-frequency 
RF electric fields ionize the reaction 
gases to generate electrons. After several 
collisions, the reaction gases generate a 
large number of photons, electrons, ions 
and chemically reactive groups. Finally, 

high-density plasma is formed in a closed 
chamber. Active groups are deposited on 
the wafer surface and react to form an SiNx 
film layer on it, which will reduce light 
reflection. The reaction equation is:

SiH4 + NH3 → SiNx + H2	 (4)

Because plasma deposition technology 
is used, wafer surface morphology has an 
important effect on SiNx film thickness. 
When the etch depth is greater, the surface 

etch pits are larger and circular. This 
surface morphology has a smaller area and 
causes the film thickness to increase.

Influence of etch depth on bus-bar 
tensile strength
The most popular crystalline silicon 
solar cells produced today have two or 
three bus bars on both the front and rear 
sides, with electrodes for transferring 
the electricity. Screen printing is used, 
followed by co-firing, to form the bus-bar 
contact with the silicon. In the process of 
making modules, a welding rod needs to 
be attached to the bus bar to concatenate 
the cells one by one, and it is important to 
ensure adequate contact between the bus 
bar and the silicon. The tensile strength of 
the bus bar was measured in order to find 
out the relationship between etch depth 
and tensile strength. The bus-bar tensile 
strength was found to be greater as the etch 
depth increased, as shown in Fig. 6.

“... the bus-bar tensile strength 
was greater as the etch depth 

increased.”
 SEM images were taken to analyze the 

contact of the silver paste of the bus bar 
with the wafer surface. Fig. 7 shows the 
sectional views of this contact for groups 
A and D. Group A, which had an average 
etch depth of 2.82μm, is seen to have much 
narrower etch pits, which may be caused 
by the inability of the silver paste to pass 
through the pits to form a better contact 
with the silicon, resulting in a lower tensile 
strength. On the other hand, Group D, 
with an average etch depth of 5.92μm, 
shown in the right image of Fig. 7, has 
a higher tensile strength. This is due to 
the larger etch pits and therefore better 
contact.

Influence of etch depth on solar cell 
efficiency
Energy transfer efficiency is the most 
important electrical property for solar 
cells, so it is important for industrial 
mass production to determine the 

Figure 5. Antireflective film thicknesses for etch depths of 2.82μm, 3.83μm, 4.41μm 
and 5.92μm.

Figure 6. Bus-bar tensile strength for etch depths of 2.82μm, 3.83μm, 4.41μm and 
5.92μm.

Figure 7. SEM images of bus-bar contact sections for different etch depths. Left: 
group A with etch depth 2.82μm. Right: group D with etch depth 5.92μm.
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connection between etch depth and cell 
efficiency. Table 2 shows the efficiency 
results for different etch depths, and it is 
clear that the etch depth does have an 
effect on efficiency. The open-circuit 
voltage (Voc) initially rises with increasing 
etch depth, but at some point between 
4.41μm and 5.92μm, Voc starts to drop. 
At the beginning, the saw-damage layer 
is considered to be the main influence on 
Voc and is a minority carrier recombination 
centre. As the etch depth increases (groups 
A–C), the saw-damage layer decreases 
and Voc and the short-circuit current 
(Isc) increase remarkably. So, according 
to the Voc values, it is known that the 
saw-damage layer is totally removed at 
an etch depth of ~4.41μm. For groups C 
and D, when the etch depth continues to 
increase, Isc decreases. This is because the 
etch pits become larger and the surface 
reflection becomes greater. The best Voc 
and Isc are achieved when the etch depth is 
~4.41μm. As mentioned above, this is due 
to the surface having a lower reflectance 
around this etch depth and the saw-
damage layer being totally removed as 
well. Furthermore, the best efficiency is 
obtained when the etch depth is ~4.41μm.

Conclusions
For mc-Si solar cells, in a certain etch-
depth range, the surface ref lectance 
decreases as the etch depth decreases, 
and vice versa. At the same time as the 
etch depth increases, the etch pits become 
larger and circular. Moreover, as the 
etch depth increases, the anti-reflecting 
f i lm thickness shows an increasing 

trend and the bus-bar tensile strength is 
improved. Experiments also show that the 
diffusion sheet resistances are not linearly 
dependent on surface morphology. The 
relationship between solar cell efficiency 
and etch depth was determined, resulting 
in a best etch depth of ~4.41μm for our 
mc-Si wafer samples. Around this etch 
depth, the saw-damage layer has been 
completely removed, while the surface 
still has a low reflectance. In parallel, it 
should be noted that the wafer surface 
morphology will change continually with 
the development of silicon crystalline 
g ro w th  a n d  s i l i co n  i n go t  c u tt i n g 
technologies. Therefore the best etch 
depth should be regularly checked and 
revised accordingly.
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Test group	 A	 B	 C	 D

Voc [V]	 0.617	 0.617	 0.620	 0.619

Isc [A]	 8.406	 8.460	 8.474	 8.417

Rs [mΩ]	 3.192	 3.039	 3.072	 3.062

Rsh [Ω]	 87.16	 106.82	 108.16	 117.62

Irev [A]	 0.322	 0.386	 0.338	 0.349

FF [%]	 77.95	 77.98	 78.14	 78.08

Eff [%]	 16.61	 16.73	 16.87	 16.72

Table 2. Electrical properties of the cells for the different etch-depth groups.


