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A B S T R A C T

The random inverted pyramid texture has been extensively studied experimentally in high-efficiency mono-
crystalline silicon solar cells due to its superior optical properties. In this paper, a random inverted pyramid
structure model was established, and the optical performance was studied by the ray tracing method. It has five
common light paths and can achieve lower reflectance than random upright pyramids. To further analyze the
optical properties of random inverted pyramids, a simplified random inverted pyramid model, which consists of
two overlapping inverted pyramids, was studied and analyzed in detail. The proportions of the light path related
to different overlapping regions, and the reflectance ranging from 10.11% to 10.64%, can be obtained, which is
lower than the reflectivity of random upright pyramids. We believe that the random inverted pyramid texture
can have a wide range of applications in high-efficiency monocrystalline silicon solar cells.

1. Introduction

Efficient light absorption is a key technology for improving the ef-
ficiency of solar cells. Surface texture is a common way to improve light
absorption and reduce reflections for silicon solar cells by light trapping
(Polman et al., 2016; Razykov et al., 2011). Many surface-modified
structures have been extensively studied experimentally and theoreti-
cally, such as upright pyramids (UPs) (Moreno et al., 2014; Zhong et al.,
2016; Baker-Finch and McIntosh, 2013), inverted pyramids (IPs) (Wang
et al., 2015; Zhao et al., 1995; Smith and Rohatgi, 1993); nanopores
(Yuan et al., 2009), worm-like pits (González-Díaz et al., 2009), and V-
shaped textures (Untila et al., 2013).

Among them, the upright pyramid structure is widely used in
monocrystalline silicon solar cells, which are produced by etching
(1 0 0)-oriented monocrystalline wafers in an alkaline solution such as
NaOH or KOH (Moreno et al., 2014). The optical performance of the
upright pyramid is theoretically analyzed and studied based on the ray
tracing method (Baker-Finch and McIntosh, 2011; Campbell and Green,
1987; Yagi et al., 2006; Magnin et al., 2014).

The ray tracing method is a relatively common method that can be
used to calculate the ray path and optical properties of structures. By

using a planar silicon model and a planar silicon model covered with
glass, the ray tracing simulation is evaluated to be very effective and
reliable. The optical properties of several thin-film silicon cells with V-
groove structures were analyzed by this method (Yagi et al., 2006).
Both regular upright pyramids and inverted ones were investigated, and
the directional-hemispherical reflectance was calculated under dif-
ferent azimuth and incidence angles by the ray tracing method (Magnin
et al., 2014).

Based on the previous study, the optical properties of the regular
inverted pyramid structure are believed to be superior to those of the
upright pyramid structure. The regular inverted pyramid structures,
which are prepared by photolithography, can experimentally produce a
highly efficient silicon solar cell (Zhao et al., 1998). However, the ex-
pensive fabrication cost limits the application in the solar cell industry.
The wet etching method for the fabrication of inverted pyramids has
been extensively studied in recent years. One way is to fabricate a
micron-sized inverted pyramid structure by copper-catalyzed chemical
etching (Baker-Finch and McIntosh, 2013; Li et al., 2017; Treideris
et al., 2018). Another way is to postmodify a nanowire or nanopore
structure using an alkaline solution so that a nanomicron inverted
pyramid structure can be fabricated (Jiang et al., 2017). Hence, only a
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random inverted pyramid structure can be formed on the surface of the
silicon wafer by two maskless techniques. However, there are few re-
ports including detailed analysis of the optical properties of random
inverted pyramids.

In this paper, a random inverted pyramid texture model was es-
tablished based on the experimental results, while the optical perfor-
mance was analyzed based on the ray tracing method. We found that
the proportion of random inverted pyramids light paths is quite dif-
ferent from that of random upright pyramids, and random inverted
pyramids can achieve lower reflectance than random upright pyramids.
To further study the random inverted pyramid texture, we designed an
overlapping inverted pyramid model as a simplified random inverted
pyramid model and analyzed the optical performance of this model.
The proportions of the light paths were calculated in different over-
lapping regions, and the reflectivity was obtained under different
overlapping conditions.

2. Model and simulation

As shown in Fig. 1(a), a micron-scale inverted pyramid structure is
fabricated on the surface of the silicon wafer by a one-step maskless
copper catalytic chemical etching method, and the specific experi-
mental parameters can be found in previous papers (Wang et al., 2015).
The size of the random inverted pyramids ranges from 2 to 6 μm. The
mathematical random inverted pyramid textures are established by
computer-generated random numbers, as shown in Fig. 1(b). The po-
sition of the inverted pyramid randomly appears in the restricted area,
and the size of the inverted pyramid ranges from 2 to 6 μm. The ap-
propriate number of inverted pyramids is used for covering the silicon
surface according to experimental results. We find that the random
inverted pyramid texture is similar between Fig. 1(a) and (b). Several
inverted pyramids overlap, and there is a very small platform in the
texture.

To further explain the optical performance of the random inverted
pyramid, we propose a simplified model consisting of two overlapping
inverted pyramid structures, as shown in Fig. 1(c). The width of the

inverted pyramid is w and the depth is h. Based on the anisotropic
etching mechanism of Cu2+, the inverted pyramid formed by the
{1 1 1} crystal plane is formed on the surface of the (1 0 0)-oriented
silicon wafer, so =h w/ 2 (Chen et al., 2018). Δx and Δy represent the
offset distances in the x and y directions between the two inverted
pyramids, respectively. When the width, w, changes, the proportion of
the ray path does not change (Yang et al., 2016), so the width, w, of the
structure does not affect the result. In this paper, w is selected to be
5 μm

Compared with the Finite-Difference Time-Domain (FDTD) method
based on Maxwell's equations (Zhong et al., 2016), ray tracing ignores
the effect of the wave theory of light on optical performance. Hence, the
division of the grid can be larger than the wavelength scale. In addition,
the optical simulation calculations can be performed for the structures
larger than the micrometer scale. As shown in Fig. 1(d), the plane above
the structure is set as an incident light source. The light is perpendi-
cularly irradiated onto the surface of the silicon wafer, which has a
microstructure on the surface. Moreover, the plane is also a collecting
detector for reflecting light energy, and all the light energy after the
interaction with the structure is collected in this plane. To collect all of
the reflected energy completely, the area of the plane needs to be large
enough, so the size of the collecting detector is larger than the size of
the incident light source. In the two-dimensional model, when the
number of incident rays is 200, the relative error between adjacent rays
is only 0.5%, which can meet the needs of the study completely (Yang
et al., 2016). Hence, considering the three-dimensional model and
computer performance, each model uses as much light as possible for
each calculation; the number of rays is 100,000, which were randomly
generated with a total power of 1W. The material of the substrate is
silicon, and its characteristic refractive index is a function of wave-
length. The remaining boundary condition is the ‘pass through’ condi-
tion, which means that all light energy is absorbed in the silicon ma-
terial. It means that we ignore the reflections of longer infrared
wavelengths on the backside of the wafer.

Fig. 1. (a) SEM top-view image of the random inverted pyramid. (b) Mathematical model of the random inverted pyramid. (c) Schematic of the overlap inverted
pyramid structure model. (d) Schematic of the ray tracing simulation model.
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3. Result and analysis

Light propagates to the interface between air and silicon, producing
a reflected light and a refracted light based on the law of reflection. The
refracted light enters the silicon material, and then the energy of the
refracted light is absorbed by the silicon and produces photogenerated
carriers. The reflected light will continue to propagate in the air. Some
of this reflected light may undergo the reflection and refraction at the
next interface until all of the reflected light escapes from the silicon
surface into the air. The ratio between the light energy going back to
the air and incident light energy is defined as reflectivity. The re-
flectivity is determined by the structure and materials. We can obtain
the reflectivity by analyzing the propagation path of each incident ray
in different structures.

In the regular inverted pyramid, there are three ray paths, as shown
in Fig. 2: Paths A, B, and C (Baker-Finch and McIntosh, 2011). Path A
experiences a double bounce on the silicon surface, and Paths B and C
undergo a triple bounce. The color and width of the ray paths represent
the energy of the light. Paths A, B, and C complete all propagation paths
in a single inverted pyramid. However, as shown in Fig. 1(a), when
there are multiple inverted pyramids overlapping, as the structure be-
comes more complicated, the incident light may propagate in multiple
inverted pyramids, so there will be quadruple or more bounces. As
shown in Fig. 2, some rays defined as Path D undergo a quadruple
bounce, which only exists in not less than two overlapping inverted
pyramids. In a random inverted pyramid structure, there are at most
seven ray paths, which are the same as for random upright pyramids. In
addition to the above four ray paths, there is also a triple bounce, as
shown in Fig. 2 and defined as Path E. Path E exits only in three or more
than three overlapping inverted pyramids. The probability of the ex-
istence of the other two ray paths is extremely low, so they will not be
discussed in this letter.

The relationship between the total reflectivity, Ri,λ(i =A, B, C, D,
E), of each ray path with wavelength is shown in Fig. 3. The weighted
average reflectance, Ri(i= A, B, C, D, E), is defined as follows:
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1000
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where Ri,λ is the total reflectance at the wavelength of λ, and N(λ) is the
solar flux under AM 1.5 standard conditions (Menna et al., 1995). Path
A has only two chances for interacting with the silicon surface, so the
reflectivity is the largest and the light absorption is minimal. The
weighted average reflectance is RA=13.85%. Paths B, C and E have
three chances for interacting on the silicon surface, but the reflectance
is quite different. Path B has the highest reflectance, while Path E has
the lowest. The weighted average reflectance values are RB=11.02%,
RC=5.23% and RE=1.02%. Two reasons can explain the phenom-
enon. One is that the angle of incidence at the third bounce along Path
B is large (θ3= 86.32°) so that almost all light is reflected, as shown in
Fig. 2. The other reason is that most of the p-polarization light is ab-
sorbed at the second bounce for Paths C and E, and then the remaining
s-polarized light is converted to p-polarization before starting the third

reflection for only Path E. Hence, the reflectance of Path E becomes
very low after the converted p-polarization light is almost all absorbed
at the third bounce. The incidence angle of the second and third bounce
is close to Brewster's angle. Path D experiences a quadruple bounce, one
more bounce than Path E, so it can achieve a lower reflectance than
Path E. The weighted average reflectance, RD, is 0.56%. Path D requires
the existence of an adjacent inverted pyramid and propagates into the
adjacent inverted pyramid after the second bounce.

The three kinds of silicon surfaces, regular upright pyramid, regular
inverted pyramid and random upright pyramid, have different pro-
portions of light paths fi (i=A, B, C, D, E), as previously reported
(Baker-Finch and McIntosh, 2011; Yang et al., 2017). As shown in
Table 1, the regular pyramid structure has a very high proportion of
Path A, fA=88.89%, and the remainder is Path B, fB=11.11%. The
regular inverted pyramid has a new light path, Path C, and it has a
higher proportion, fC=40%. Hence, the proportion of Path A reduces
greatly; fA=59.26%. Path B has a very low proportion, fB=0.74%,
due to existing only at the bottom of the inverted pyramid. The light
paths in the regular upright and inverted pyramid are easy to study, and
the proportion of light paths is a determined result. However, the two
distinct models for random upright pyramids can provide different re-
sults regarding the proportion of light paths. There are seven light paths

Path A 

Path D Path B 

Path C 
Path E 

Fig. 2. Schematic of Paths A, B, C, D and E. The color and width of the ray paths represent the energy of the light.

Fig. 3. Reflectivity spectra in different ray paths.

Table 1
The proportions, fi, of four ray paths and the weighted average reflectance
values, Rstructure, in a regular/random UP and regular IP structure.

Path A Path B Path C Path D Path E Rstructure

Regular UP 88.89% 11.11% 0 0 0 13.54%
Random UP 68.33% 3.24% 18.6% 5.83% 3.74% 10.86%
Regular IP 59.26% 0.74% 40% 0 0 10.38%
Random IP 61.29% 0.21% 37.52% 0.46% 0.52% 10.48%
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in the random upright pyramid structure, and we neglect to discuss two
of them because their probability is extremely low. The proportion of
Path A in the random upright pyramid is significantly decreased com-
pared to the regular upright pyramid, fA=68.33%, but is still higher
than that of the regular inverted pyramid. A proportion of Path C ap-
pears in the random upright pyramid, fC=18.6%, but the proportion is
lower than that of the regular inverted pyramid. Path D and Path E have
some proportions in random upright pyramids, with fD=5.83% and
fE=3.74%.

The ray tracing simulation calculation is used for mathematical
random inverted pyramids, as shown in Fig. 1(b). Note that in both
cases, the impact of the flat area on the results is not considered. The
result of the calculation is related to the randomly generated structure,
which is the same as the random upright pyramid, so the average
proportion of ray paths can be obtained by multiple calculations. The
proportions of different ray paths are fA=61.29%, fB=0.21%,
fC=37.52%, fD=0.46% and fE=0.52%. The random inverted pyr-
amid has a lower proportion of Path A and a higher proportion of Path
C than the random upright pyramid. The proportions of Path D and
Path E are all lower than the random upright pyramid because rays are
less likely to propagate into adjacent structures than in upright pyr-
amids.

The weighted average reflectance Rstructure of the surface of the si-
licon material can be calculated according to the following Eq. (2):

= + + + +R f R f R f R f R f Rstructure A A B B C C D D E E (2)

where RA, RB, RC, RD and RE are the weighted average reflectance values
of Paths A, B, C, D and E. fA, fB, fC, fD and fE are the proportions of Paths
A, B, C, D and E. The regular upright pyramid has the highest re-
flectivity, and the weighted average reflectance of a regular upright
pyramid, Rregular UP, is 13.54%. The reflectivity of the random upright
pyramid is second, and the weighted average reflectance of the random
upright pyramid, Rrandom UP, is 10.86%. The regular inverted pyramid
can exhibit the lowest reflectivity, and the weighted average reflectance
of a regular inverted pyramid, Rregular IP, is 10.38%. The weighted
average reflectance of a random inverted pyramid can be obtained as
Rrandom IP=10.48%. The high proportion of Path A results in the
highest reflectivity for a regular upright pyramid. The proportion of
Path A is still higher for the regular inverted pyramid than for the
random upright pyramid structure, even if there are quadruple or more
bounces. Hence, the regular inverted pyramid has the lowest re-
flectivity due to the lowest number of double bounces and the highest
number of triple bounces. The reflectivity of the random inverted
pyramid is slightly higher than that of the regular inverted pyramid due
to the increase of the proportion of Path A and the decrease of the
proportion of Path C.

To further study the random inverted pyramid structure, we design
an overlapping inverted pyramid structure model, as shown in Fig. 1(c),
and analyze the proportion of each ray path based on the ray tracing
method, as shown in Fig. 4. Due to the symmetry of the structure, only
the case where Δx/w is greater than or equal to Δy/w is analyzed. In
Fig. 4(a), when Δx/w=0.6 and Δy/w=0, the proportion of Path A
reaches a maximum of 62.22%, which is still lower than the random
upright pyramids. In the four cases of (Δx/w=0.6, Δy/w=0), (Δx/
w=0.5, Δy/w=0), (Δx/w= 0.7, Δy/w= 0) and (Δx/w= 0.6, Δy/
w= 0.1), the distribution of the ray paths is shown in Fig. 5. When Δy/
w=0, the two inverted pyramids overlap only in the x direction. When
Δx/w increases from 0.6 to 0.7, the change in the proportion of Path C is
larger than the change in the proportion of Path A for the increased
region. Therefore, the proportion of Path A decreases, and the pro-
portion of Path C increases, as shown in Fig. 5(c) (the red dotted frame
shows the new region). When Δx/w decreases from 0.6 to 0.5, the
second bounce area of Path C increases, and the new region on both
sides of the overlapping inverted pyramid structure experiences three
bounces because the length of the sidewall along the x direction is
larger than that of the regular inverted pyramid, as shown in Fig. 5(a)

(the new increased region of the triple bounce is marked by the solid
red circle). Therefore, the proportion of Path A decreases, and the
proportion of Path C increases. When Δx/w=0.6 and Δy/w gradually
increases from 0 to 0.1, the total area of the two overlapping inverted
pyramid structure increases. The increased area almost always under-
goes a triple bounce, so the proportion of Path A decreases and the
proportion of Path C increases. When Δy/w further increases, the total
area of the overlapping inverted pyramid structure continues to in-
crease, but the part of the three reflections no longer increases, which
increases the part of the double bounce in turn. Therefore, when Δx/
w=0.6 and Δy/w=0.6, the proportion of Path A achieves a maximum
value with a proportion of 61.68%. When Δx/w=0.2 and Δy/w=0.2,
the proportion of Path A reaches a minimum value of 57.37%.

Path B appears in a small area of the inverted pyramid apex, re-
sulting in a low proportion of Path B, as shown in Fig. 4(b). Therefore,
the change in the sum of the proportions of Path C and Path D is
completely opposite the change in the proportion of Path A. Fig. 4(c)
shows the proportion of Path C. The proportion of Path C reaches its
lowest value of 35.38% at Δx/w=0.6 and Δy/w=0.6 and reaches a
local minimum of 37.00% at Δx/w=0.6 and Δy/w=0. The change in
Path C is almost the opposite the change in Path D because the region of
Path D is transformed on the basis of Path C. Only when Δx/w is ap-
proximately 0.45 and Δy/w is approximately 0.45 does the proportion
of Path D exceed 3%. However, for other cases, the proportion of Path C
is approximately 40.1%, and the proportion of Path D is approximately
0.

The result of the ray paths is independent of the incident wave-
length based on the ray tracing method. Fig. 6 shows the weighted
average reflectance of overlapping inverted pyramid structures with
different values of Δx/w and Δy/w. When Δx/w=0.6 and Δy/w=0,
the maximum reflectance reaches 10.64%. When Δx/w=0.6 and Δy/
w=0.6, the reflectance reaches a maximum value of 10.56%. When
Δx/w=0.3 and Δy/w=0.3, the reflectance reaches a minimum of
10.11%. The reflectance of the overlapping inverted pyramid is com-
parable to that of a regular/random inverted pyramid. Path A has the
largest reflectivity and dominates the overall structure reflectivity, so
the change in the proportion of Path A is almost the same as the change
in reflectance according to Figs. 4a and 6. Only when Δx/w is ap-
proximately 0.45 and Δy/w is approximately 0.45 does the proportion
of Path D increase, resulting in the same low reflectivity in this area.
Therefore, this can indicate that effectively increasing the proportion of
Path D can reduce the reflectivity of the overlapping inverted pyramids
if the proportion of Path A does not change much.

All overlapping possibilities in the inverted pyramid structures were
analyzed, and the result suggests that the proportion of paths is related
to the overlapping area. So, for different overlapping regions, the result
of random inverted pyramid structures can be affected greatly, but the
proportion of light paths and reflectance values still remain in a certain
range. We notice that the results for the random inverted pyramid also
meet the calculated result range of overlapping inverted pyramids,
except that Path E only exists in the random inverted pyramid because
the appearance of Path E requires more inverted pyramids to overlap.

We find that the simulation result of reflectance, whether under the
random inverted pyramid model or the simplified overlapping inverted
pyramid model, is higher than the experimental result, which was re-
ported previously (Wang et al., 2015). The simulation result of re-
flectance only can obtain ∼10.4%, but the experimental result can be
as low as 5%. The reasons for this large difference between the two
results may be as follows: first, the theoretically calculated structural
surface is perfectly smooth, but the actual experimental structural
surface has many nanostructures, resulting in lower reflectance.
Moreover, the original silicon surface used in the experiment is uneven.
Therefore, the inverted pyramid structures may have a large difference
along the z-axis, and the difference along the z-axis may cause a further
decrease in the reflectance of the silicon surface. In this paper, the top
planes of all inverted pyramids are built on the same horizontal plane,
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but the actually formed inverted pyramids still differ in the z-axis due to
the mutual overlap between the inverted pyramids. The difference
along the z-axis is limited by the size of the inverted pyramid, with a
maximum difference of 2.83 um. Further increasing the difference
along the z-axis is likely to reduce the reflectivity of the silicon surface.

4. Conclusion

In summary, the optical properties of random inverted pyramid
structures were studied by the ray tracing method. This structure has

five common ray paths and can obtain lower reflectivity than random
upright pyramids, which are currently used in mass production. To
further study the random inverted pyramid structure, the proposed
overlapping inverted pyramid structure model was analyzed and stu-
died. The proportion of the light paths is related to the overlapping
regions, and reflectance values between 10.11% and 10.64% can be
obtained, which is lower than the reflectivity of the random upright
pyramid. Therefore, we believe the random pyramid structure has a
greater application prospect in the field of monocrystalline silicon solar
cells if it has an acceptable manufacturing cost.

Fig. 4. The proportions of different ray paths in different overlapping areas. (a) Path A, (b) Path B, (c) Path C, and (d) Path D.

Fig. 5. Schematic of ray path distributions in the case of four overlapping inverted pyramids. (a) Δx/w= 0.5, Δy/w= 0, (b) Δx/w= 0.6, Δy/w= 0, (c) Δx/w= 0.7,
Δy/w= 0, (d) Δx/w= 0.6, Δy/w= 0.1.
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