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Abstract

In this study, the impact of diffusion time on monocrystalline silicon solar cell has been analysed
morphologically, elementally, and electrically by adjusting diffusion time to establish optimized
properties for high-efficiency. P-type raw wafers were prepared for diffusion following cleaning and
wet etching operation. POCI; diffusion was done by varying diffusion time with a constant flow rate of
process gases. The morphological and elemental studies were carried out with scanning electron
microscope (SEM), and energy dispersive x-ray spectroscopy (EDX) respectively. Four-point probe
test and Hall Effect measurement were used for studying the electrical characteristics (sheet resistance,
resistivity, conductivity, and bulk concentration). From SEM result analysis, noticeable structural
damages were found with the increase of doping time. Surface reflectance measurement (SRM) also
supported the morphological distortion. Phosphorus, oxygen, silicon, and boron were traced by EDX
analysis. The formation of phosphosilicate glass (PSG), as well as the depth of emitter, has been
confirmed from the elemental analysis. The emitter length was varied from 2.5 ym to 9 pm. 5 min
doped sample showed minimum surface deformation with maximum light absorbance. An acceptable
sheet resistance with a compatible conductivity, mobility, and bulk concentration are also found for

5 min diffusion, which could potentially lead to high-efficient solar cell fabrication.

1. Introduction

Production of electric current from solar energy does not require fuel costs, and day by day it is becoming more
affordable. Therefore, the accumulation of solar energy using solar cells has been expanding faster than other
renewable sources since last few decades [ 1-8]. Among all the cells, monocrystalline silicon photovoltaic cells are
the leading performer in harnessing solar incident. The overall efficiency largely depends on the quality of
emitter layer of the conventional crystalline solar cell [8—12].On the other hand, the POClI; diffusion
significantly depends on the doping time, temperature, flow rate of the process gases i.e. N, O, etc [12—14]. Thus
the impact of these parameters on (POCl;) diffusion is important to analyse properly for the optimization of the
morphological, elemental and electrical properties of the fabricated solar cells.

To increase the light absorbance as well as to improve the performance, surface roughness needs to be raised
by texturization [15—18]. Treating the silicon wafer with process gases for along time in a POCl; diffusion
furnace at a high temperature would affect the textured surface which can lead to the decrease of the cell
efficiency [19]. Moreover, the formation of a phosphosilicate glass (PSG) layer, a dopant source during the
diffusion process, has displayed a distinct relationship with the quality of the emitter [12].
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On the other side, sheet resistance identifies the quality of the n-type emitter [20]. The sheet resistance (pgy,)
of the n-type incorporated with dopant impurities also determines the current density (J,.), contact resistance
properties and the quantum efficiency. A low sheet resistance (for instance <60 €2/J) would result in lower
short circuit current (I.) [21]. The low interfacial resistance between metals and the semiconductor is
substantially dependent on higher doping density, which relies on the doping time [22—27]. Bulk doping level
also significantly influences bulk recombination as well as the minority carrier lifetime. Raw wafers with low
acceptor concentration (N,) produce lower cell voltage and higher resistivity, whereas the higher density would
resultin a fall of I,cand V. [21, 28]. Hence, the doping concentration needs to be optimized for the fabrication
of the silicon cell [28]. Theoretical study and simulation of these parameters were done frequently rather than
practical studies [29—31]. On this account, electrical characteristics of crystalline silicon photovoltaic cells are
studied by varying the doping time on the current research. Moreover, the effect of longtime doping on the
textured surface, and on the emitter is also assessed for the first time.

In this research, monocrystalline boron doped silicon wafers were fabricated using different doping time of
phosphorus diffusion process. The SEM, EDX analysis has been conducted out for morphological and elemental
studies to understand the impact of morphological changes on surface reflectance. Sheet resistance and bulk
carrier density were measured with the help of a four-point probe and Hall Effect measuring system respectively.
Klaassen’s model [32] is used to determine the impact of doping time on the carrier mobility. An optimized
doping time has been proposed on which all the properties can be optimized for the fabrication of high efficient
solar cell.

2. Experimental

For the fabrication of solar cell, boron (B) doped Czochralski (Cz)—Monocrystalline Silicon wafers (ReneSola,
China) have been taken which have a thickness of 180 =+ 20 um; alifetime of >>12 us; resistivity 1-3 2cm and
the dimension of 127 x 127 mm®. Five pseudo-squared samples were gone through the process named saw
damage removal processing with the solution of NaOH and Di-water at 70° for 10 min. For roughening the
surface and minimizing the reflectance, wet chemical etching was done with KOH solution, IPA (isopropanol)
and Di-water for 20 min. To form the n-type emitter, all the samples were placed in the tube furnace (MRL
PHOENIX, USA) for POCI; diffusion one after another for different doping timei.e. 5 min, 10 min, 15 min,
20 min, and 25 min respectively at 875 °C temperature and in a constant flow of process gas (N, O,).

The effect of the doping time on the morphology of the textured wafers was observed using an SEM (Zeiss
Evo 18, USA). After diffusion, the cross-sectional areas were also examined using FESEM (JSM-7600F, USA) to
understand the height and the structural conditions of the produced pyramids due to texturization. Elemental
analysis of the surface was done with two different beam acceleration voltages (5 kV and 20 kV), so that elements
status both on the surface layer and the immediate layer under approximately 3.5 psm can be observed [33, 34].
The drive-in time (15 min) and surface passivation time (10 min) were constant for all of the samples so that only
the impact of diffusion time can be observed accurately.

The effect of the structural changes and surface reflectance of the samples has been measured with the SRM
system. Sheet resistance measurement was performed to study the doping quality as well as the electrical
characteristics with the four-point probe measurement system (Keith Link, USA). Each test was repeated several
times to ensure the accuracy. Hall Effect measurement was used to measure the carrier concentration of the
doped wafers [35].

3. Results and discussion

3.1. Morphological analysis

The SEM images in figure 1 shows the morphology of the POCl; doped silicon wafers at different times.
According to figure 1, it has been clearly observed that damages due to diffusion were considerable. Sample 1
(figure 1(a)) and sample 2 (figure 1(b)) have well-distributed pyramids with almost regular shape. When the
diffusion time was increased to 15 min (figure 1(c)) the arrangement of pyramids became non-uniform as well as
unoccupied spaces were found. In the case of sample 4 (figure 1(d)), though the pyramids were well-arranged,
the height of the pyramids was declined. From the analysis of the cross-section view of the wafers (figure 2), it is
clearly found that the height of the upright pyramids was decreasing with the increase of doping time. The
average heights were found 4.12 ym, 3.577 um, 2.988 ym, 2.87 pm, and 0.967 um for the sample 1, sample 2,
sample 3, sample 4 and sample 5 respectively, whereas before doping average height of textured sample was

4.3 pum. The average height of the alkaline-based etching was found in the range of 2 um to 8 um, which
supports the previous findings [36].
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Figure 1. Morphological changes of the doped silicon wafers at different times: (a) 5 min (b) 10 min (c) 15 min (d) 20 min and (e)
25 min.

Itis found that pyramidal shapes were damaged significantly when the samples were doped more than
15 min. The pyramids of 25 min doped sample (figure 1(e)) were demolished considerably which resulted in tiny
sizes of the pyramids; thus significant deformation on the textured surface is observed due to increase of
diffusion time. The impact of decreasing the height of pyramids lowers the percentage of reflectance of light
from the surface of the sample. The result of surface reflectance showed that it had changed with the variation of
diffusion time. Figure 3 depicts the rate of reflectance increases with the increase of diffusion time. The average
reflectance of sample 1 (16.184%) was dropped by almost 63% compared to the raw wafer (43.71%), whereas the
percentage changes only 12.83% in case of sample 5 (figure 4).

Therefore, it is observed that the percentage of reflectance is directly related to the height of the pyramids
(figure 5). The average percentage of reflectance of visible light (400 nm to 900 nm) was found lowest when the
average height of the pyramids became highest and vice versa [37].

A dark layer was also observed in cross-sectional SEM analysis (shown in figure 5) in the n-type region along
with a very thin phosphosilicate glass (PSG) layer. This was confirmed with the help of EDX which is discussed in
the next section. Jonas Krause et al also found a similar type of layer in a depth of approximately 10 ym in Al
dopedsilicon [38].

According to the SEM analysis, the average height of sample 1 (5 min doped) was found 3.963 pum, and above
the doping time 15 min the change of average height remains almost constant which was found between 8.9 to
9.1 um (figure 6).

3.2. Elemental analysis

EDX analysis proves the presence of phosphorus, silicon, and oxygen atoms according to their proportion of
mass (figure 7), which is higher in the top region. It is also identified that the atomic mass percentage of
phosphorus and oxygen is significantly low whereas the amount of silicon becomes higher for the middle
portion of the sample. This is pointing to the formation of the PSG (P,05.5i0,) at the top, as it has more oxygen
and silicon. The amount of oxygen is drastically dropped whereas there is still a significant percentage of the
mass of phosphorus in the intermediate or the lower portion of the darker region. This confirms both the
formation of PSG (at the surface) and the n-type emitter after that. The lighter portion has about 99% of silicon
by atomic mass indicates the approximate ending of the emitter layer.
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Figure 2. Cross-sectional view of SEM images of the wafers with different doping time: (a) textured before doping (b) 5 min (c) 10 min
(d) 15 min (e) 20 min and (f) 25 min.
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Figure 3. Optical analysis: (a) changes of percentage of reflectance of doped wafers with incident light wavelengths; (b) average surface
reflectance varies with doping time.

The figure 8(a) represents the percentage of the atomic mass of the crucial elements found at 5 kV beam
acceleration speed, which would penetrate only 0.30 pm of the surface [34]. The sample without doping had
only a few percentages of boron ensure the p-type characteristics, whereas others certify the formation of the
n-type emitter. When doping time was increased the amount of oxygen along with the phosphorus was getting
high. This indicates the uplifting relation between time and deposition of phosphorus as well as oxygen which
demonstrates the formation of PSG layers on the surface area.

On the other hand, the amount of the doping element was decreasing at 3.5 ym depth [26] shown in
figure 8(b). More solid silicon was found which was predicted as well. It is now clear from the SEM and the EDX
analysis that, the length of the p-type differs for varying the doping time and after 20 min becomes almost fixed
(approximately 9 pm). From the comparison of the results obtained by 5 kV and 20 kV (figure 8) the amount of

4
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Figure 4. Relation between the average pyramid height and the average percentage of reflectance of wafers with doping time.

Figure 5. Depth of the dark layers of different doping times: (a) 5 min (b) 10 min (c) 15 min (d) 20 min and (e) 25 min.

phosphorus is increasing and also penetrate more depth when doping time increases. Moreover, the declining
mass of oxygen clears the concept that the layer of PSG is very thin.

3.3. Electrical analysis

The sheet resistances (figure 9) were found 65.25, 55.38, 44.62, 39.53, 32.72, and 27.17 §2/0J, with doping time
of 5, 10, 15, 20, and 25 min respectively. A descending trend of sheet resistance was observed with the increment
of doping concentration of phosphorus with the increase of diffusion time [39, 40]. The comparatively shallow
low sheet resistance in traditional monocrystalline silicon cells is chosen to promote a low-resistance ohmic
contact between the screen-printed metal and the emitter layer [41]. Very low sheet resistance causes the loss of
blue response along with low short circuit current and low open circuit voltage [42]. However, the heavy doping
increases carrier recombination in the emitter layer and the resistive power loss has a linear relationship with
sheet resistance. Hence, to minimize high power loss the preferable sheet resistance is 60-100 €2 /(0 [21, 43].
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Figure 6. Changes of layer height with doping time.

100

]
o
1

Elements mass (%)

40
20
0 -
Top Intermediate Bottom
Region

Figure 7. Proportion of elements found in top, intermediate, and bottom surface of the dark layers (Inset photo: indicate different
zone of SEM image).
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Figure 8. Percentage of elements obtained from EDX analysis at: (a) 5 kV and (b) 20 kV electron beam acceleration.

Nian Chen et al reported a regular three-bus-bar silicon solar cell where emitter sheet resistance was in the range
0f 70-90 2/ [42]. Therefore, 5 min doping time gives the expectable sheet resistance.

The obtained sheet resistance (py;,) was used to calculate the conductivity (¢) by following the equation given
by Heaney et al [44] is tabulated in table 1.
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Figure 9. Impact of diffusion time on sheet resistance.

Table 1. Resistivity and conductivity of doped wafers.

Doping time (min) Sheet resistance (/) Layer height (um) Resistivity ({2cm) Conductivity @ 'em™

5 65.25 3.96 x 10°° 259 x 1074 3.87 x 10°
10 55.38 4.09 x 107° 227 x 107* 441 x 10°
15 39.14 8.95 x 107 3.50 x 107* 2.85 x 10°
20 32.72 9.07 x 107°¢ 297 x 107* 3.37 x 10°
25 23.17 9.10 x 107 211 x 107* 4.74 x 10°
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Figure 10. Effect of diffusion time on carrier concentration

Figure 10 shows the surface concentration (N) of the wafers which changes between 1.41 x 10'8t03.20 x
10"® (intermediate range) [20] with an increasing pattern. In this case, the highest concentration of the active
phosphorus (P) was found due to 25min diffusion with considerably lower resistivity. Mousty et al also got
similar type relationship between the resistivity and carrier density [45]. Doping of 10"®cm s fairly suitable for
solar cells as concentration >10'? elevates band gap narrowing, Auger recombination as well as high surface
recombination velocity [46].

The electron and hole mobility are found using Klaassen’s model. In these case, the values of maximum and
minimum mobility (fmax fimin)> Teference concentration (Npef 1, Nref2), fitting parameters (ay, o, f47) for
electron (phosphorus) and hole (boron) are given in table 2 [32, 47].

The conductivity was calculated with the assumed average emitter layers which were obtained from the
elemental and cross-sectional view of SEM analysis. Figure 11 shows that the conductivity of the samples
fluctuated randomly. This is because of the continuous increase of emitter depth and randomness of sheet
resistivity. Both electron and hole mobility depend on the concentration of the dopant. In this case, both
electron and hole mobility followed a steady downward trend with respect to doping time increment. The reason
behind this phenomenon is the higher surface concentration (10'® cm ™) of carrier density [32, 48]. The
calculated electron mobility varied from 237 cm® v ' s to 168 cm® v ' s and the hole mobility varied from
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Table 2. Model parameters for the majority electron
mobility and majority hole mobility [32, 48].

Parameter Phosphorus (P) Boron (B)
Hmin (cm®v ' 571 68.5 44.9

Joanax (cm?v 1571 1414 470.5

I (cmzvflsfl) 56.1 29

Nyer(cm ™) 9.20 x 10" 2.23 x 10V
Nieg2(cm ™) 341 x 10%° 6.10 x 10%°
a 0.711 0.719

a, 1.98 2
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Figure 11. Changes of conductivity and mobility with doping time.

134 cm® v ' st0 100 cm® v ' s. Though higher concentration is obtained for 25 min diffusion, the other
electrical parameters are not suitable for longer doping time. A low blue response, lower value of I;.and V.. can
be obtained for sheet resistance below 60 /1 [42]. Therefore, carrier concentration 1.41 x 10'® cm ™ is a fair
value for fabrication of silicon solar cells, which is achieved in 5 min doped sample. Also 5 min doping sample
provide an acceptable sheet resistance, doping concentration, moderate conductivity as well as lower resistivity
including higher mobility which indicates a better optimization can be achieved at 5 min diffusion.

4. Summary

In this study, the impact of phosphorus diffusion time has been analysed morphologically, elementally and
electrically to establish an optimized doping time. The morphological study has proved structural damages due
to increasing of the doping time. The formation of PSG as well as the emitter has been confirmed from the
elemental analysis (EDX). Incorporating the SEM and EDX results, the emitter length is assumed which varied
from4 pmto 9 pm. The 5 min doped sample showed minimum surface deformation with maximum light
absorbance. The surface reflectance measurement result proves that only 12.83% of reflectance reduced from
the raw wafers for 25 min of diffusion, whereas 5 min doped sample has a reduction of reflectance of about 63%
which indicated the impact due to structural distortion. The elemental analysis demonstrates the formation of
PSG on the top layer of Si wafers. The height of the n-type region also became almost constant from 15 min of
doping time, though the percentage of the mass of deposited phosphorus was increasing. Considering the
electrical properties, sheet resistance was decreasing whereas the bulk concentration was increasing due to
greater doping time. In this case, the 5 min doped sample gave carrier concentration of 1.41 x 10'® cm™> witha
sheet resistance of 65.25 /(1. The resistivity varied from 2.58 x 10~ *t03.5 x 10~ * Qcm and conductivity
varied from approximately 2854 to 4741 Q~'cm ™. 25 min doping sample showed lower resistivity, higher
carrier mobility, and better conductivity. The possible reason is the lower sheet resistivity and higher carrier
concentration, which may cause low current density as well as higher contact resistance. Considering all, 5 min
doped solar cell having well-shaped pyramids, has been optimized with the lowest amount of reflectance of light
(16.18%), better sheet resistance, carrier concentration, a compatible conductivity (3867.19 Q@ 'cm™"),
electron-hole mobility and noticeably lower resistivity (2.58 x 10~ * Q2cm), which facilitate the fabrication of
high efficient monocrystalline silicon solar cells.
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