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This study focuses on the laser opening technique used to form a selective emitter (SE) structure on multicrystalline silicon
(mc-Si). This technique can be used in the large-area (156 × 156 mm2 ) solar cells. SE process of this investigation was performed
using 3 samples SE1–SE3. Laser fluences can vary in range of 2–5 J/cm2 . The optimal conversion efficiency of 15.95% is obtained
with the SE3 (2 J/cm2 fluence) after laser opening with optimization of heavy and light dopant, which yields a gain of 0.48%abs
compared with that of a reference cell (without fluence). In addition, this optimal SE3 cell displays improved characteristics
compared with other cells with a higher average value of external quantum efficiency (EQEavg = 68.6%) and a lower average value of
power loss (𝑃loss = 2.33 mW/cm2 ). For the fabrication of solar cells, the laser opening process comprises fewer steps than traditional
photolithography does. Furthermore, the laser opening process decreases consumption of chemical materials; therefore, the laser
opening process decreases both time and cost. Therefore, SE process is simple, cheap, and suitable for commercialization. Moreover,
the prominent features of the process render it effective means to promote overall performance in the photovoltaic industry.

1. Introduction
Because of the simple manufacturing process and low-cost
crystalline-silicon (C-Si) material, multicrystalline Si (mcSi) solar cells are more widely used than single-crystalline
Si (sc-Si) solar cells in the commercial market. In general,
homogenous emitters (HEs) for effective photovoltaic (PV)
devices are formed on the front surface through high phosphorus concentration. This is necessary because a strong
metal contact reduces the resistance between a metal grid
and a silicon wafer. However, this process also leads to
severe recombination on the front side, also called a dead
layer, greatly reducing the solar-cell performance [1]. To
optimize the emitter layer, an SE structure is proposed in this
study to overcome this compromise. This reduces the contact
resistance and surface recombination velocity and improves
the performance of cells [2–5].

For the applications of large-area SE solar cells in the
PV industry, intensive research has been conducted, using
back etching [2], paste etching [3], laser doping [4], and
two-diffusion masking [5]. The etchback process, based on
the selective etching of the HE that is formed through
POCl3 diffusion, uses the metallization approach to create
an SE. This SE is obtained in etchback nonprotected regions
by using an acidic etch with a bath of HF/HNO3 until it
reaches the appropriate sheet resistance. The disadvantage
of the etchback method is that the composition of etching
solution is difficult to control accurately, thus lowering its
reproducibility. The etching paste technique provides a fast,
simple, and reliable method for producing a structure of diffusion barrier layers, which is also of low cost. Nevertheless,
certain faults remain, such as a dilation of line width in the
opening region. This leads to a much heavier doping region
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Figure 1: (a) Major processing sequence of SE solar cells utilized by laser opening technique. (b) The sketch of our developed solar cell
structure.

and a reduction of cell efficiency. Laser doping selectively
varies the doping profile on a substrate. Prior to the laser
treatment, a doping source is applied to the substrate. The
laser locally melts the substrate and diffusion occurs in liquid
phase, which is up to 10 orders of magnitude faster than
that in solid-state diffusion, thus enabling deep junctions.
In addition, the laser selectively melts the Si and locally
increases the amount of phosphorous in the emitter. The
phosphorus is then driven deeper into the wafer, lowering the
sheet resistance of the emitter underneath the metal contact.
However, the laser doping process can result in damage that
reduces open-circuit voltage (𝑉OC ) and filled factor (FF). For
the two-diffusion masking technique, an efficiency of 16% is
the optimal result for cells realized using the two-diffusion
SE process and etching paste ablation. Nevertheless, this
technology is relatively complex and the industrialization of
this process requires UV laser equipment of high throughput
and power; therefore, the production cost of two-diffusion SE
cells must be considered.
Laser processing [6], proving suitable for large-area solar
cells, has the advantage of highly localized steps and meets
the requirements of SE formation. An SE mc-Si solar cell
is proposed in this study to overcome the drawbacks of the
four aforementioned methods by means of the laser opening
process avoiding the photolithography step [7]. In order to
improve the performance of the proposed SE mc-Si solar
cell, various laser fluences were investigated in the laser
opening process. This novel process offers several benefits,
including versatility, simplicity, and reliability. Moreover, this
cost-effective laser process can be incorporated completely
into large-area and high-volume commercial production. In
fabricating an SE structure in this study, the two-step POCl3
diffusion processes are also demonstrated. The heavily doped
region (HDR) was formed by diffusing through opening areas

to reduce contact resistance between the emitter and front
side metallization. Subsequently, the lightly doped region
(LDR) was used to improve the passivation effect between
the contact fingers to increase the PV efficiency for industrial
applications.

2. Experimental Procedure
For the fabrication of SE mc-Si solar cells as described
previously [7, 8], an Nd:YAG laser (𝜆 = 532 nm and average
power (𝑃avg ) ≧ 3 W) with a pulse duration of 10–25 ns
(@25 kHz) melts the wafer surface. In the first fabrication step
of Figure 1(a), texturization of the mc-Si is produced using an
acid solution (a mixture of HNO3 and HF). A silicon dioxide
(SiO2 , approximately 10 nm in thickness) is grown through
oxidation as the diffusion barrier layer. The procedures of
mc-Si texturization and the growth of the diffusion barrier
layer are described in a previous study [7]. Laser ablations (at
a frequency of 25 kHz, a pulse duration of 10 ns, and under
stage speed of 400 mm/s) were next used to open a region
in the barrier layer, which acts as a mask, taking advantage
of avoiding the photolithography step. Figure 1(a) shows the
fabrication procedure of three samples, each with different
laser fluences: power levels of 5 J/cm2 (SE1), 3.5 J/cm2 (SE2),
and 2 J/cm2 (SE3) and a reference cell (Ref. cell) without SE
for comparison.
The SE formed using laser openings has an HDR
(50 Ω/sq) under the contact metal with interdigitated fingers
followed by deeper POCl3 diffusion. The SiO2 barrier was
removed by an HF-dip to form the second phosphorus diffusion with an LDR (80 Ω/sq) as a shallow emitter. The twostep POCl3 diffusion processes were executed to fine-tune the
sheet resistance of heavy/light doping on the developed SE
mc-Si solar cells. The Ref. cell was doped homogeneously by
using the one-step POCl3 with a sheet resistance of 50 Ω/sq.
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Figure 2: SEM images of mc-Si wafer after laser ablation process, with the fluences of (a) 5 J/cm2 , (b) 3.5 J/cm2 , and (c) 2 J/cm2 .

The antireflection (AR) and passivation were formed
using plasma enhanced chemical vapor deposition (PECVD)
Six Ny (with 90 nm thickness and 2.1 refractive index) on
the front surface. Screen-printing was applied to the solar
cells to form metallic contacts. Finally, a laser edge isolation
was used to avoid shutting at the front and rear sides. The
Ref. cell (50 Ω/sq) with homogeneous doping in the emitter
region and without SE was also fabricated for comparison
purposes. The experiment results show the laser opening
effect on the SE solar-cell application. Figure 1(b) shows the
schematic structure of the solar cells investigated in this study.
The emitter (green) is lightly doped in shallows and is heavily
doped in grooves formed by the laser opening. The cell has
100 nm of Six Ny (light blue) by PECVD that acts as an AR
layer and a passivating layer. Screen-printing was applied to
the solar cell to form an Ag finger on the front side (red region
of Figure 1(b)) and an Al surface on the backside (dark-blue
region of Figure 1(b)), both as a metallic contact. Therefore,
this experiment was primarily focused on using the various
laser fluences to optimize the conversion efficiency and
lifetime of the solar-cell characteristics. To investigate the
characteristics of the laser opening process for SE mc-Si, the
performance measurements for the developed solar cells in
processing were recorded using a solar simulator (Wacom,

WXS-220S-L2) at an air mass of AM 1.5 and illuminated
at 1000 W/m2 by an induced current density-voltage (J-V)
tester (Keithley, 4200). The other equipment used comprised
a microwave-induced photoconductance decay (𝜇-PCD)
system (Semilab, WT-2000) used to measure lifetime and
an incident-photon-to-current-efficiency (IPCE) system (PV
Measurements, QEX7) used to measure external quantum
efficiency (EQE).

3. Results and Discussions
Figures 2(a)–2(c) show scanning electron microscopy (SEM)
images with laser fluences of 5, 3.5, and 2 J/cm2 . The laseropening process must be conducted by carefully controlling
the laser scanning parameters to maintain the metallic
contact lines within a width of approximately 100 𝜇m. A
distinct surface morphology is evident within the region
of laser ablation. The diffusion barrier absorbs the heat
and irradiation emitted by the laser for approximately 10 ns.
The temperature then quickly increases to melting point
(approximately 1417∘ C). The ablated SiO2 diffusion barrier
layer cools down soon after the irradiation terminates and
forms a large, irregular grain in the preselected region for
heavy doping.
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Figure 3: Lifetime mapping of mc-Si wafer after PECVD silicon nitride (Six Ny ), with laser opening power of (a) 5 J/cm2 (𝜏a = 6.356 𝜇s), (b)
3.5 J/cm2 (𝜏b = 7.162 𝜇s), (c) 2 J/cm2 (𝜏c = 8.082 𝜇s), and (d) reference cell (𝜏d = 8.012 𝜇s) without selective emitter (SE).

Table 1: The variation of the average lifetimes (𝜏, in 𝜇s) of mc-Si wafer corresponds to different processes for laser fluences (J/cm2 ) of 5, 3.5,
2, and 0 (as a Ref. cell) after steps of acid etching, laser ablation, ARC, and passivation. The average lifetimes for the acid etching step of all
samples are 7.36 𝜇s.
After steps of
Acid etching
Laser ablation
ARC and passivation

SE1 (5 J/cm2 )
7.36
4.584
6.356

SE2 (3.5 J/cm2 )
7.36
5.574
7.162

To investigate the influence of different laser fluences on
SE mc-Si solar cells, the frequency and pulse duration of
the laser constant were maintained. The surface damage was
analyzed by observing the images under an optical 𝜇-PCD
microscope. Figures 3(a)–3(c) show lifetime mapping images
of mc-Si wafers (SE1, SE2, and SE3) after laser opening
with the different laser fluences, followed by depositing an
AR passivation layer on both sides. Figure 3(d) is a lifetime
mapping image of the Ref. cell. In these 𝜇-PCD images, the
dark black-blue regions relate to a low carrier recombination,
which indicates an increase in the lifetime of minority
charge carriers and further induces currents. However, the
light yellow-brown regions correspond to a high carrier
recombination, which indicates a decrease in the lifetime and
denotes the damage zones.
The short lifetime (𝜏) measured using laser fluences of
5 J/cm2 (𝜏a = 6.356 𝜇s in Figure 3(a)) and 3.5 J/cm2 (𝜏b =
7.162 𝜇s in Figure 3(b)) indicates the high recombination

SE3 (2 J/cm2 )
7.36
6.097
8.082

Reference cell
7.36
—
8.012

rate of free carriers in the laser-ablation opening regions.
The short lifetime can result from excessive damage induced
by a higher laser fluence power. Furthermore, the longest
carrier lifetime (𝜏c = 8.082 𝜇s in Figure 3(c)) occurs at a
laser fluence of 2 J/cm2 which displays more dark black-blue
regions in specific areas. This occurrence is displayed on the
left side of the mapping image. This is consistent with the
authors’ previous study [9], in which reducing the damage
region exerted a positive effect on the induced photocurrent
while improving the PV device performance.
Table 1 presents the average lifetimes of four cells at
different steps in Figure 1(a) where SE1, SE2, and SE3 are laser
openings with fluences (J/cm2 ) of 5, 3.5, and 2, respectively,
and Ref. cell has a fluence of 0. The lifetimes (in 𝜇s)
were measured after acid etching, laser ablation, ARC, and
passivation (deposited Six Ny by PECVD).
In this study, the SiO2 layer, acting as a diffusion barrier,
was used to improve the surface passivation properties and
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Figure 4: Comparison of current density-voltage (J-V) curves of SE
mc-Si solar cells with different laser fluences (5, 3.5, 2, and 0 J/cm2
for SE1, SE2, SE3, and Ref. cell, resp.) under standard measuring
conditions (AM 1.5 spectra, 1000 Wm−2 , 25∘ C). Performances of the
developed cells are also included in bottom insert.

to clean wafers. However, the low values of the average
lifetime (7.36 𝜇s) for acid etching steps of all the samples
are not satisfactory for industrial applications. Thus, the wet
oxidation process improves the average lifetime of mc-Si
wafers because of the reduction of interface defect density
by means of passivating surface defects [10]. To improve the
performance of the proposed SE mc-Si solar cell, the laser
opening process that does not need mask substitutes the
wet oxidation. After the laser opening and heavy doping,
the average lifetime of the three samples, SE1, SE2, and SE3,
increased significantly with the laser fluence decreasing from
5 to 2 J/cm2 . The peak and width of the Gaussian beam rely
heavily on laser fluence; a higher laser fluence can create
a deeper groove and a larger diameter in opening regions
[11, 12]. This generates more damage and thus decreases the
lifetime. Accordingly, the average lifetime of mc-Si wafers
after laser ablation at a laser fluence of 2 J/cm2 (6.097 𝜇s)
was longer than that at 5 J/cm2 and 3.5 J/cm2 (4.584 𝜇s and
5.574 𝜇s, resp.) as shown in Table 1. From the color variation
in Figure 3, the laser-opening step caused a significant change
in the average lifetime for three different laser fluences,
compared with Ref. cell.
An increase in the average lifetime of cells enhances
the electrical performance if there is no loss from the laser
ablation approach. This is verified by the J-V measurement of
the developed cells, as shown in Figure 4. The performance
of the SE3 mc-Si solar cell demonstrates the highest shortcircuit current density (𝐽sc = 34.28 mA/cm2 ) and conversion
efficiency (𝜂 = 15.95%) and yields a gain of 0.48%abs
compared with the Ref cell. From the results of Figure 4, it
is clear that the key function of the SE is to improve the
value of 𝐽sc . The improvement for SE mc-Si solar cells shows
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Figure 5: Comparison of EQE for SE mc-Si solar cells SE1–SE3 with
different laser fluences and Ref. cell without laser fluence.

a significant increase of the 𝐽sc by approximately 2.2%–3.5%,
compared with the Ref. cell.
Surface recombination has been identified as a major
limiting factor to high efficiency in wafer-Si solar cells [13].
The passivation on the surface of SE solar cells reduces
recombination losses, which achieves improved conversion
efficiency. The higher conversion efficiency results from
electronically passivating the surface of Si, leading to reduced
recombination losses. This observation coincides with the
results of [14] and reflects the increase in the average lifetime
of minority carriers, as confirmed in Table 1. The lower FF is
caused by minority carriers crowding at the lateral junction
[15, 16] and by resistance from light doping [17].
Figure 5 shows the EQE curves of the developed SE mc-Si
solar cells with different laser fluences in a wide-wavelength
range (300–1100 nm). The light of shorter wavelengths is
absorbed on the front side, considerably close to the surface
of the cells because of its high absorption coefficient in
silicon. This results in its shallow penetration depth. Such
a drop of EQE value can arise from laser-induced damage,
which generates carrier recombination. In addition, high
laser fluence (SE1 and SE2) damage could be induced, which
is also an explanation for the drop in high laser fluence
[16, 18]. Therefore, the SE3 cell (with the lowest laser fluence
of 2 J/cm2 ) has the highest EQE with a wavelength range of
300–600 nm, which could contribute to the low power of
laser ablation with a low penetration depth. This increases
the high light absorption on the developed mc-SE solar
cell. Meanwhile, the EQE of SE3 cells decreases in the long
wavelength region (700–900 nm) because of a decrease in
diffusion lengths of effective minority carriers. In a whole
range of wavelengths, the average EQE values are 65.9%,
67.8%, and 68.6% for SE1, SE2, and SE3, respectively. This
indicates a clear laser quality improvement and because the
area under the curve is a measure for the SE3 cell current,
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Figure 6: Comparison of distribution profiles of LBIC-contact resistances (in mΩ-cm2 ) for SE mc-Si solar cells with different laser fluences.
The top inserts are real photos measured for average values of contact resistance, (𝑅cont )avg , with three developed SE samples.

one can explain that the cell has a higher value of 𝐽sc and thus
higher conversion efficiency as verified in Figure 4.
Figure 6 shows the comparison of a distribution profile
of LBIC for SE mc-Si solar cells with different laser fluences,
imaged using a microwave-induced photoconductance decay
(𝜇-PCD) system at the injection level of approximately
1016 atoms/cm3 . The average LBIC-contact resistance values (in mΩ-cm2 ) are approximately 58.6, 25.8, and 25.3,
with laser fluences (in J/cm2 ) of 5 (SE1), 3.5 (SE2), and
2 (SE3), respectively. For an LBIC-contact resistance lower
than 40.5 mΩ-cm2 in these distribution profiles, the surface
fractions with SE1, SE2, and SE3 demonstrate the values of
37.6%, 86.9%, and 89.6%, respectively. The SE1 cell shows
lower surface-fraction value, LBIC, and contact resistance,
which is primarily because of the laser-induced defect and
increasing minority carrier recombination [19]. The optimal
value of the lowest contact resistance with the highest surface
fraction (in the case of SE3) also clearly illustrates the optimal
solar-cell performance. These results are shown in the insert
of Figure 4.
To maximize usage of solar energy for industrial applications, LBIC is used to show the power loss of the developed
SE mc-Si solar cells. Figure 7 shows distribution profiles
of power loss (mW/cm2 ) for the SE mc-Si solar cells with
different laser fluences. The average LBIC power loss values
are 23.63, 2.62, and 2.33 mW/cm2 , for laser fluences (J/cm2 ) of
5 (SE1), 3.5 (SE2), and 2 (SE3), respectively. The fluctuations
in the laser fluence can lead to the formation of surface

defects in the laser opening regions. The grain boundaries
ablated by lasers can cause discontinuities in the opening
region and form a shunting pathway. Moreover, there is
a local ideality factor greater than unity after subsequent
metallization [20]. This shows that there are distinct surface
morphologies with the different laser fluences as previously
illustrated in Figure 2. Therefore, the optimal SE3 shows
the smallest loss of power with the least impact of laserinduced defects in a space charged region. Superior solar-cell
performance can be acquired for large-area and high-volume
commercial production.

4. Conclusion
The characteristics of the large-area mc-Si solar cells fabricated on SE processes with three different laser opening fluences were evaluated. The optimal efficiency result of 15.95%
was achieved by the SE3 cell (2 J/cm2 ), which effectively
yielded a gain of 0.48%abs compared with that of the Ref. cell.
This indicates that, as the lower laser power is applied, fewer
defects and discontinuities are produced on the laser-opening
region. Despite the efficiency, the SE3 cell has superior
features to the other solar cells. It has an average lifetime
of 8.082 𝜇s, a short-circuit current density of 34.28 mA/cm2 ,
an average EQE of 68.6%, a contact resistance of 25.3 mΩcm2 , and an average power loss of 2.33 mW/cm2 . All the
improvements to performance show fewer losses because of
less laser-induced damage to the cell.
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The laser opening process has the characteristics of
simplicity, reliability, rapidity, and cost effectiveness. These
features make SE consistent with high-efficiency mc-Si solar
cells. In industrial implementation, great cost reductions to
manufacturing SE solar cells are expected, making it viable for
industrial applications for the foreseeable future. Improving
the mc-Si texturing quality and implementing novel process
features will be a focus of future studies; this will include
different material coatings to obtain high-efficiency solar
cells.
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