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Effect of the back surface topography on the efficiency in silicon solar cells
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Abstract: Different processes are used on the back surface of silicon wafers to form cells falling into three groups:
textured, planar, and sawed-off pyramid back surface. The characteristic parameters of the cells, Isc, Voc, FF, Pm,
and Eg, are measured. All these parameters of the planar back surface cells are the best. The FF, Pm, and Eg of
sawed-off pyramid back surface cells are superior to textured back surface cells, although Isc and V¢ are lower.
The parasitic resistance is analyzed to explain the higher FF of the sawed-off pyramid back surface cells. The cross-

section scanning electron microscopy (SEM) pictures show the uniformity of the aluminum-—silicon alloy, which has

an important effect on the back surface recombination velocity and the ohmic contact. The measured value of the

aluminum back surface field thickness in the SEM picture is in good agreement with the theoretical value deduced
from the Al-Si phase diagram. It is shown in an external quantum efficiency (EQE) diagram that the planar back
surface has the best response to a wavelength between 440 and 1000 nm and the sawed-off back surface has a better

long wavelength response.
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1. Introduction

The texturization method, i.e., forming pyramids on the
silicon wafer surface, is widely used in current mass-scale pro-
duction. It can increase the optical path length and reduce
reflections, which is necessary to increase the photocurrent
and leads to a higher conversion efficiency. In the case of
monocrystalline silicon solar cells, a mixture of alkaline solu-
tions, such as sodium hydroxide or potassium hydroxide and
isopropyl alcohol, is usually used for texturing!!?!. Deposit-
ing an aluminum layer on the back surface of solar cells by
screen printed technology is also an effective method to im-
prove the efficiency. A highly Al-doped p* region induces a
BSF effect, which lowers the effective back-surface recombi-
nation velocity®! and improves the collection probability of
minority carriers. Al gettering of defects and impurities can
increases the minority carrier diffusion length in the bulk™.
Industrial texturing technology forms pyramids not only on
the front surface, but also on the back surface of solar cells.
Actually, the Al-BSF covers the rough textured surface. It has
been shown that rapid thermal processing can reduce the dif-
ference between a planar and a textured BSF®!,

In this paper we investigate three groups of silicon wafers
made by identical commercial production techniques except
for different processes on the back surface. The characteristic
parameters of the cells, Isc, Voc, FF, Pm, and Eg, are mea-
sured and compared. The BSF quality is analyzed by taking
cross-sectional SEM pictures and the EQE.
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2. Experiment

We chose 125 x 125 cm? p-type CZ Si (100) wafers with
200 um thickness, 2-3 Q-cm resistivity, and 1.65 ps minor-
ity carrier lifetime. All these wafers were divided into three
groups.

Figure 1 shows the flow chart of the experiment car-
ried out by a commercial cell fabrication. For three groups
of wafers, different processes were used on the back surface.
Group 1: textured back surface, where both sides were textured
to form pyramids. Group 2: planar back surface, where only
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Fig. 1. Flow chart of the experiment.
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Table 1. Comparison of characteristic parameters.

Parameter Group 1 Group 2 Group 3
Isc (A) 5.165 5.192 5.155
Voc (mV) 614.6 6154 6144
FF 0.737 0.752 0.747
Pm (W) 2.340 2.402 2.367
Eg (%) 16.01 16.43 16.19

Table 2. Ratios of the calculated Rcy to the measured Ry and Rs.

Parameter Group 1 Group 2 Group 3
Rs () 0.01136 0.01074 0.01072
Rsu () 7.210 8.096 7.645
Ren (Q) 0.1190 0.1185 0.1192
Rcu/Rs 10.47 11.04 11.12
Rsu/Rcu 60.67 68.31 64.14

the front surface was textured by using SiN, as a protection
mask of the back surface. Group 3: sawed-off pyramids back
surface; first, textured on both sides, and then sawed the back
surface pyramids a little after SiN, anti-reflection coating was
deposited on the front surface. The characteristic parameters
and the EQE were measured by a SPI-CELL TESTER and 7-
SolarSpec I (DR003), respectively.

3. Results and discussion

In this experiment, the saw damage removal step and the
texturing step reduced the thickness of the wafers. The thick-
ness of the wafers was measured twice: during the raw wafers
inspection and before the diffusion. The average thickness re-
ductions of the three groups were 22.158, 11.758, and 23.177
pm. Obviously, Group 2 is advantageous for producing thinner
cells because of the reduced waste.

Table 1 shows the average comparison of the characteris-
tic parameters of the three groups of cells. Each parameter of
the cells from Group 2 is the best among all the three groups.
This shows that planar back surface cells are superior to tex-
tured back surface cells. Although Isc and Ve of Group 1 are
better than for Group 3, FF, Pm, and Eg are lower.

The characteristic resistance of a solar cell'®”! is defined
as

Ren = ===, (1)
CH ISC

Table 2 shows the measured shunt resistance Rsy, se-
rial resistance Rs, the calculated Rcy, and the ratios of the
calculated Rcy to the measured Rsy and Rs, respectively. If
Rs < Rcy or Rsy > Rcy, the parasitic resistance will have
little effect on the FFI®!. As we see in Table 2, Ry is about
10 times greater than Rs while Rgy is over 60 times greater
than Rcy. This means, Rg has a stronger effect on FF than Rgy
does. The normalized voltage vgc, the approximate expression
of FF, and the fill factor FF, considering the effect of Rg, can

Fig. 2. Energy band schematic diagram of the n/p—p* junction (a) at

thermal equilibrium and (b) under illumination.

be calculated by!®!
Voc
= — 2
voc = o 7 2)
-1 27
FF, = voc — In(voc +0 ), 3)
voc + 1
R
FF:FFO(I - —S) )
Rcu

where the ideality factor n is between 1 and 2, k is Boltzmann’s
constant, T is the absolute temperature, and ¢ is the absolute
value of the electron charge. Under standard testing conditions
with the air mass (AM) 1.5, T =300 K, k= 1.38 x 10723 J/K,
g =1.602 x 107! C, and n = 1. The FF values of the three
groups are calculated to be 0.751, 0.756, and 0.756, respec-
tively. This explains the effect of Rs on FF, which makes the
FF of Group 3 larger than that of Group 1 while V¢ is lower.

Long wavelength light is absorbed near the back surface.
The highly Al doped p* region induces a BSF effect, which is
a good back reflector of long wavelength light. Figure 2 shows
the energy band schematic diagram of the n/p—p* junction.
The p—p™ junction forms a potential barrier, which prevents
photo-generated minority carriers from flowing into the p* re-
gion.

Figure 3 shows a cross-section SEM picture of the three
groups of wafers. The theoretical value of the Al BSF thick-
ness deduced from the Al-Si phase diagram is calculated using
the following formula!®':

F(T)  F(Ty)
psi [1-F({@T) 1-F(Ty]|

&)

where ?4 is the thickness of the deposited Al, pa; and ps; rep-
resent the densities of Al and Si, F(Ty) and F(T) are the Si
atomic weight percentages in the molten phase, respectively,
at the peak alloying and eutectic temperature. In this study, an
Al paste is screen-printed with a resulting thickness of ~30
um followed by alloying at 850 °C. The theoretical WggsF is
calculated to be ~12 um using Eq. (5). In Fig. 3(a), the BSF
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Fig. 3. Cross-section SEM pictures of the three groups of wafers: (a)
Group 2, planar back surface; (b) Group 1, textured back surface ; (c)
Group 3, sawed-off pyramid back surface.
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Fig. 4. 400-1000 nm EQE response of the three groups.

thickness is about 13—14 ym, which is in agreement with the
theoretical value.

As shown in Figs. 3(b) and 3(c), the uniformity of the
Group 1 Al-Si alloy is inferior to that of Group 3. It re-
veals textured back surface results in larger scale unconnected
section (marked by rectangle) than sawed-off pyramids back
surface does. Compared with Fig. 3(a), the planar back sur-
face obtains the best uniformity on the Al-Si alloy. Poor uni-
formity will increase the dangling bonds and surface defect
states density, which result in a higher back surface recombi-
nation velocity. When the surface state density is very high,
the barrier height is decided by the surface quality, almost in-
dependent of the metal work function!!”!. Therefore, the poor
uniformity also degrades the BSF effect and the ohmic con-
tact. The cross-section SEM pictures are in good agreement
with the measured characteristic parameters given in Table 1.

Figure 4 shows the EQE response of the three groups
from 440 to 1000 nm. Clearly, Group1 has the best response to
all the wavelengths. It reveals that the planar back surface not
only improves the absorption of longer wavelengths near the

back surface, but also improves absorption in the bulk. From
440 to 790 nm, the EQE response of Group 3 is inferior to
Group 1, which is attributed to its poor Isc and Voc. However,
Group 3 has better an EQE response to wavelengths longer
than 940 nm, which is due to the sawed-off pyramids back
surface.

4. Conclusion

In this study, we have shown that the topography of the
back surface plays an important role for improving the perfor-
mance of solar cells. Planar back surface cells improve the cell
performance as seen by measuring the parameters Isc, Voc,
FF, Pm, and Eg. They have good BSF, better uniformity of
the AI-Si alloy, and better EQE response. Compared with a
textured back surface, the sawed-off pyramid back surface im-
proves the uniformity of the Al-Si alloy and has good long
wavelength EQE. Moreover, the sawed-off pyramid back sur-
face can obtain a higher FF, Pm, and Eg due to its better Rs.
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