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Abstract

moth-eye antireflection coating.

In this paper, we present an optical model that simulates the light trapping and scattering effects of a paraboloid
texture surface first time. This model was experimentally verified by measuring the reflectance values of the
periodically textured silicon (Si) surface with the shape of a paraboloid under different conditions. A paraboloid
texture surface was obtained by electrochemical etching Si in the solution of hydrofluoric acid, dimethylsulfoxide
(DMSO), and deionized (DI) water. The paraboloid texture surface has the advantage of giving a lower reflectance
value than the hemispherical, random pyramidal, and regular pyramidal texture surfaces. In the case of parabola,
the light can be concentrated in the direction of the Si surface compared to the hemispherical, random pyramidal,
and regular pyramidal textured surfaces. Furthermore, in a paraboloid textured surface, there can be a maximum
value of 4 or even more by anisotropic etching duration compared to the hemispherical or pyramidal textured
surfaces which have a maximum h/D (depth and diameter of the texture) value of 0.5. The reflectance values were
found to be strongly dependent on the h/D ratio of the texture surface. The measured reflectance values were well
matched with the simulated ones. The minimum reflectance value of ~4 % was obtained at a wavelength of

600 nm for an h/D ratio of 3.75. The simulation results showed that the reflectance value for the h/D ratio can be
reduced to ~0.5 % by reducing the separations among the textures. This periodic paraboloidal structure can be
applied to the surface texturing technique by substituting with a conventional pyramid textured surface or
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Background

The cost of the solar energy can be reduced by enhan-
cing solar cell efficiency using some advanced technol-
ogy to fabricate solar cells with reduced losses [1, 2],
namely, reflection [3], recombination [4], and resistive
losses [5, 6]. The surface texturing of the wafers is an
important part of the silicon (Si) solar cell’s fabrication
process in R&D and production levels [7]. This process
can be utilized to enhance the absorption of light due to
enhancing the back surface reflectance and path length
of light and reduction in front surface reflection. This
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process also encourages the carrier collection near the
junction.

For a bare Si surface, the reflection loss is around
~30 % due to reflection of light from the front surface
resulting in a small amount of absorption which yields
poor efficiency. To reduce these losses, several tech-
niques have been invented. Out of all the methods cre-
ated and invented, surface texturing has been widely
used to reduce the reflection losses. It reduces the front
surface reflection, increases the internal reflections, and
also increases the light path lengths inside the cell due
to the overall light absorption increasing. Several surface
texturing methods, like mechanical grooving [8], reactive
ion etching [9], laser texturing [10], alkaline [7], and
acidic texturing [11] have been used to increase the ab-
sorption of light inside the solar cell. Alkaline and acidic
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texturing has been widely used for the commercial pro-
duction of Si wafer-based solar cells.

Alkaline anisotropic etchants like sodium hydroxide
(NaOH) and potassium hydroxide (KOH) at low concen-
trations and temperatures of 80-90 °C can form square
base pyramidal structures randomly distributed over the
cell surface. The reflectance value of ~12 % was obtained
at a wavelength of 600 nm for the random pyramidal
structure [12]. Baek et al. [13] also made a regular pyr-
amidal structure using electrochemical etching. In a
regular pyramidal structure, the reflectance value is re-
duced to ~10 %. The pyramidal structures allow for mul-
tiple reflections and hence trap any incoming ray light
and reduce the reflection.

Several attempts have been made in previous studies
to explain the variation of the reflectance values by tak-
ing scanning electron microscopy (SEM) images of the
texture surface and theoretical modeling of reflectance
[7, 14-17]. Previous studies [7, 14—17] have assumed
that the acid textured surfaces are a part of the hemi-
sphere, and also, the variation of reflectance with a 4#/D
(depth and diameter of the texture) ratio was also deter-
mined. In case of the texture surface as a part of the
hemisphere, the minimum reflectance value of ~15 %
can be achieved for a maximum achievable value of an
h/D ratio of 0.5.

Macdonals et al. [14] developed a masked reactive ion
etching (RIE) method, which is better than the wet acid,
maskless reactive ion etching method. Xi et al. [18] ob-
served a part of hemispherical structure in acid texturi-
zation and calculated that reflectivity at 500 nm start
declining when the /1/D exceeds 0.29.

Several researchers have introduced analytical models
for Si nano-wire mats [19], and nano-holes [20]. Kim
and Kim [21] used ultrasonic vibration during alkaline
texturing of multicrystalline Si (mc-Si) to improve uni-
formity. Gangopadhyay et al. [22] obtained 14.0-14.5 %
efficiency in an industrial production line with a yield
>95 % by using mc-Si substrates of large size and tex-
tured them in a solution of NaOH-NaOCI at 80 °C to re-
strict the step height to <5 um. Si nano-structures have
been characterized using various techniques [23, 24].
Tsujino et al. [25] used metallic catalysts for acid texturi-
zation. Hazeland and Hu [26] formed a titled pyramidal
structure by using potassium carbonate, which shows a
lower reflectance compared to polished surfaces. Camp-
bell et al. [27] suggested that top surface reflection could
be eliminated by using a tilted pyramidal structure.
Wang et al. [28] wire textured the mc-Si wafers by using
a self-assembled mask. Houser et al. [29] used nano-
imprint lithography for solar cell texturization, whereas
Xu et al. [30] developed lithography-free sub 100 nm
nano-cone array antireflection layers for the application
of solar cells. Houser et al. [29] found that the texture
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surface is a part of paraboloids. It was found that acid
textured surfaces are not always part of the hemisphere
but also have a parabolic structure. The paraboloid
structure has more potential to reduce the reflection
loss.

In this work, we investigated the Si texture surface as
a part of paraboloid and developed a model for surface
reflection of paraboloid texture surfaces. This model was
used to predict the reflectance as a function of wave-
length and //D ratio for the paraboloid textured Si sur-
face. This model considers the reflection from the entire
solar spectrum, bulk absorption, and the contribution of
the rear surface to light trapping. In the case of parabola,
there is more possibility that the light could be concen-
trated inside the Si solar cell compared to the hemi-
spherical, random pyramidal, and regular pyramidal
textured surfaces. For hemispherical or pyramidal tex-
tured surfaces, the maximum //D value can reach 0.5,
whereas in paraboloid textured surfaces, the maximum
h/D value can reach a maximum of 4 or even more by
anisotropic chemical etching.

Modeling of Parabolic Textured Surface
For simulation, we assumed that the textured surface is
part of a paraboloid (axis in x-direction) with vertex at
O (0, 0) and focus F (a, 0). The schematics of ray tracing
from the paraboloid structured front surface and rear
surface (plane) are shown in Fig. 1a, b, respectively. The
top view of unit cell of SEM that used for simulation is
shown in the inset of Fig. 1b. A beam of light is incident
along AP direction with making an incident angle 6; with
the normal (LL) to the textured surface. The incident
beam split into two parts after strike at point P, ; (gener-
ally say P). The reflected part moves along PF direction
(making an angle 6; with LL’), while the refracted beam
goes in PS direction (making an angle 6, with LL). Let as-
sume the height of P from the bottom is /# and diameter
of circle passing through point P is D.

The values of x and y are replaced by D/2 and /4 in the
equation of parabola. With this equation, we can get a
relation

D* =44ah (1)

where D, &, and 4a denote the width, depth, and
latus rectum of the paraboloid textured structure,
respectively.

The calculations were done using a ray tracing model.
Divide the half width of the texture into N points. Let
these points be P, 1(x,,1, y,.,1), where n=0, 1,....N. From
Eq. (1), x,,1, 1 can be found as

ynA,l =nXx

=0,1,...
ZN n ) ) 7N (2)
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Fig. 1 Schematic of ray tracing (a) in the paraboloid structure at
front surface and (b) in the bulk Si and at rear surface (in the inset,
top view of unit cell of SEM that used for simulation)

y n,1
i (3)

P, P,s,...,P,, are the points of reflection that cor-
respond to the light incident on point P,;, where m is
the number of times the light hits the textured surface.
The relationship between these points can be found by
the rotation matrix:

<xm,n+1) _ < cosp—sing )(xmn> (4)
ym,n+1 SlVl¢ COS¢ ym‘n
where ¢ is - (7 - 20).

It is assumed that incident light is directed normally
(at 90°) to the textured parabolic surface (normal to
wafer surface). Due to the properties of the parabolic

mirror, all the reflected light will pass through the focus
F of the parabolic surface. The reflectance R, ; for the

Xnl =
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single ray that the incident on P,; can be calculated
as [15]

Rrena + Rrvin (5)

Rn,l = 9

1 [ sin*(6,-6;)
R.= |5
[2 (sinz(ﬁi +6,) *

ng(e,--et))ﬂ fon ©

tan(6; + 6,

where Rtg,; and Rryy,1 denote the polarized reflectance
of light on the TE and TM modes, respectively. The re-
flectance for the mth annular surface element in terms
of incident angle 6; and refracted angle 6, angles is given
by Egs. (7) and (8)

0, — sin”! (%) (8)

The values 6; and 6, lie between 0° and 90°.

Here, k, is the no. of reflection (no. of times the light
reflected back on the surface, which is an incident on
point P, ;).

It can be seen that for a lower wavelength, there is no
rear surface reflection effect, as the light gets absorbed
due to a high absorption coefficient for a lower wave-
length. However, for a higher wavelength, the value of R,
has a huge effect on the total reflection. The refracted
light along direction PS incident on back surface at Q
making an angle (6,—6,) with normal (MM) to the rear
surface as shown in Fig. 1b. This incident beam PS on
rare surface again split into two parts, first reflected one
along QR direction making the same angle (6,—0,) with
MM, whereas transmitted beam goes along QT direction
(making angle 6, with MM’).

The total reflectance can increase due to a lower value
of absorption coefficient and more rear surface reflec-
tion. The rear surface reflection (R,) was calculated using
Eq. (9) [31]

o [1 <sm2{(9i—9t)—9;}

2 * tan*{(6,-6,) + 6, }

2 sinz{(ei—et) + 9;}

mnz{(ai—et)—e’t} )] )

6, = sin”* (u.sin(6;-6t)) (10)

The attenuation factor (A,,) via absorption of bulk Si
can be calculated as [16]

Ap =e ¥

(11)

x| c0s(0;-6;) (12)

Here, h << t,, t,, is the wafer thickness and x,, is the
path length traveled by the refracted light inside the Si
wafer, which make an angle of (6,—6,) with the normal
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(MM’) of rare plane surface. As the light pass through
the wafer, its attenuation factor increases hence prob-
ability of light gets absorbed within the wafer increases
and reflectivity decreases.

For (6,—6,) = critical angle, total internal reflection will
occur.

The overall reflection after absorption and rear surface
reflection can be expressed as [16]

R,: = R, + (1-R,)R.(1-R,)A%,,

+ (1-R,)R.(1-R)AY, + ... (13)

The total reflection from the front surface is the aver-
age reflection of these weighted points by their surface
area given as

R NilRm X dS,

. (14

n=0
where dS,, is the small annular surface element area
and S is the front cross-sectional area of the paraboloid
structure and can be calculated as

ds, = ﬂ(yfl71_y3+l,l)

(15)

(16)

The Egs. (1)—(16) were used to calculate the theoret-
ical values of the reflectance of paraboloid front texture
surfaces.

Methods

Si paraboloid micro-pore arrays were prepared on B-
doped p-type <100> Si wafers with a resistivity of 1~10
Qcm and wafer thickness (£,) of 550 um by electro-
chemical etching method. In order to make Si pore ar-
rays with a parabolic shape, we first oxidized the wafers
to get a silicon oxide (SiO,) mask using thermal oxida-
tion. A square pattern of 2 pm x 2 pum size was obtained
on SiO, using photolithography. The patterned samples
were dipped in a KOH etchant at 80 °C to make inverse-
shaped pyramidal notches that would act as regions for
concentrating an electrical bias. The electrochemical
etching was performed in a solution of hydrofluoric acid,
dimethylsulfoxide (DMSO), and deionized (DI) water. A
thin aluminum layer was deposited on the backside of
the wafer to produce an Ohmic contact between the Si
wafer and working electrode by DC magnetron sputter-
ing method. The electrochemical etching was performed
under a constant current density mode of different
biases in a Teflon bath. A platinum wire was used as a
counter electrode. The Si wafer with Al back contact
acted as a working electrode. The sample area exposed
to the electrolyte solution was approximately 2 cm? The
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etch rate was approximately 1.1~1.3 pm/min, and the
pore length was controlled by etching time under other-
wise nominally identical conditions.

Field emission scanning electron microscopy (FE-SEM)
images of the front and cross-sectional view of paraboloid
textured Si surfaces were taken under x5000 magnifica-
tion using the Hitachi FE-SEM, Model S-4800. The
reflectance measurements were carried out with a
wavelength range of 300-1200 nm using the UV-Vis-
NIR spectrophotometer, Model Cary-5000.

Results and Discussion

Figure 1 shows the schematic of ray tracing in the para-
bolic structure instead of the paraboloid for picture clar-
ity. In this diagram, the axis of parabola is assumed
along the x-axis. A ray falls along the axis of parabola.
Similar to the parabolic mirror, the ray incident on any
point P, (x,,1, ¥,,1) of the inner surface of the parabola
will pass through the focal point F. The vertex O of the
parabola is assumed as origin (0, 0). The distance of
point P from the y-axis is /1, which is known as height or
depth of textures, and at the same point, the diameter of
the circular ring is D. The distance between points F
and O is a. Hence, the latus rectum of the parabola is 4a
(as taken in the theoretical section for calculations).
When a ray is incident on point P at an incident angle,
0; is split into two parts. The first reflected part goes in
the air along the PF direction while making the same
reflected angle as 6;. Another refracted part goes along
the PS direction while making an angle 6,.

Figure 2a—f shows the FE-SEM micrographs of parab-
oloid textured surfaces for etching durations (t.) of 95,
140, 185, 300, 390 and 575 s, respectively. The & and D
values were calculated from the SEM images of the par-
aboloid structures, as shown in Fig. 2. A slight increase
in D value is observed ~2.63 pum for £, =95 s to
~2.90 pm for t. =575 s, while the / values changed very
fast from ~1.87 um to ~10.86 pum. The obtained //D ra-
tios for the samples a, b, ¢, d, e, and f were 0.71, 1.12,
1.40, 2.12, 2.73, and 3.75, respectively. However, the cor-
responding spacing between two adjacent paraboloid
textures (d) are 1.37, 1.34, 1.32, 1.27, 1.18, 1.11 um, re-
spectively (as listed in Table 1). The /#/D along with d vs.
t. are plotted in Fig. 3. It can be seen that 4/D is in-
creased with increase in f.. However, the rate of change
in h/D ratio decreased with time from its initial value of
0.009/s to 0.005/s due to a decrease in the etching rate
along (100) direction. Thus, the d value is decreased
from 1.47 pm (for £, =95 s) to 1.15 um (for t, =575 s).
The d and D values have been used to calculated the cover-
age area of untexture (a;) and texture (a,) surfaces. The a,/
a, ratio is also decreased with £, as illustrated in Table 1.

The experimental measured and simulated reflectance
(Ry) values vs. the wavelength (1) for three different /D
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185, (d) 300, (e) 390 and (f) 575 s

Fig. 2 Front and cross-sectional (in the inset) view of SEM images of paraboloid texture silicon surfaces for etching duration (a) 95, (b) 140, (c)

ratios (0.71, 1.40, and 3.75) are shown in Fig. 4. The cor-
responding a,/a, values used for simulation of R, are
0.271, 0.253, and 0.144 for h/D =0.71, 1.40, and 3.75, re-
spectively. It can be seen that the simulated reflectance
curve for all s/D ratios matched well with their experi-
mental values in the wavelength range of 450—-1200 nm.
The simulated values of R, are slightly lower than the
experimental R, values for the wavelength lower than
450 nm. The minimum R, value of ~4 % was obtained
at a wavelength of 600 nm for the 4/D ratio of ~3.75. It

Table 1 The h/D values along with surface area ratio of
untexture (a,) to texture (a,) with etching duration (t,)

Etching duration (s)  h/D

Spacing between textures (d, um)  a,/a,

95 071 137 0.271
140 112 134 0.253
185 140 132 0.242
300 212 127 0.216
390 273 118 0.175
575 375 1 0.144
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Fig. 3 Variation of h/D ratio and spacing between two adjacent
paraboloid textures with etching duration at 25 °C
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Fig. 4 Experimental and theoretical reflectance spectra for h/D
values of 0.71, 140, and 3.75 for spacing values of 1.37, 1.34, and

1.11, respectively

can be noted that in the case of part of the hemisphere
surface, the minimum reflectance value of ~15 % was
obtained for the maximum achievable value of the 4/D
ratio of 0.5 [17].

The R, values with /4/D ratios at wavelengths of 400,
600, and 1000 nm are shown in Fig. 5. In the case of the
paraboloid texture surface, the 4/D ratio can increase up
to 3.75, whereas, for part of the hemispherical texture
surface, the maximum /4/D ratio is 0.5. For 4/D = 0.2, the
reflectance values of the paraboloid texture are the same
as the untextured or textured parts of the hemisphere
surface [17] (not shown in Fig. 5). The dimension of the
structure depends upon the //D ratio. For higher values
of the //D ratio (i.e., 10), the paraboloid texture belongs
to micro-wires or nano-wires array. It depends on the
size of pits and spacing among the textures.

50 —
m  Exptdata @ A= 400 nm
® Exptdata @ A= 600 nm
40 A Exptdata@ A=1000 nm 1]
Simulated @ A= 400 nm
30 Simulated @ A= 600 nm |
—_ Simulated @ A= 1000 nm
s
¥ 20
10 |
0 i '} " '} " '} " 1 s 1 " 1 s 1 "
00 05 1.0 15 20 25 30 35 4.0

h/D

Fig. 5 Variation of reflectance values at wavelengths of 400, 600,
and 1000 nm with h/D ratio
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The average reflectance (R,) values in the wavelength
range of 300-1200 nm based on Eq. (17) is shown in

Fig. 6.
1200
/ RydA
=300

R, = 1200

/ dl
A=300

where R, is the reflectance value at wavelength A.
Figure 6 also shows the R, value of random [12] and
regular [13] pyramidal texture silicon surfaces. The
reported values of R, values of random [12] and
regular [13] pyramidal structures in the wavelength
range of 300-1200 nm are 15.31 and 13.66, respect-
ively. However, the R, value of the acid textured
parts of the hemispherical surface in the same wave-
length range was found to be ~20 % [17]. It can be
seen in Fig. 6 that the R, values of paraboloid tex-
ture surfaces for the /4/D ratio more than 1 are
lower than the random pyramidal [12] and regular
pyramidal [13] silicon surfaces. The R,, as shown in
Fig. 6, which indicates that R, is nearly the same for
the i/D ratio up to 0.2, then falls down sharply for
the /D ratio of ~1.5. However, for higher values of
the h/D ratio, the R, values decreases monotonically
with a 4/D ratio up to 3.75. The simulated reflect-
ance as a function of wavelength and //D ratio using
the model on our texture samples is shown in Fig. 7.
The theoretically predicted and experimentally mea-
sured reflectance values in the wavelength range of
500-1200 nm matched well with the 4/D ratio < 4.

(17)

77—
—&— Paraboloid texture
40 ® Random pyramid [12]
[ A Periodic pyramid [13]]
30 | 4
S
" 20 | 4
10 | 4

0 " M " " " " " "
0.0 05 10 15 20 25 3.0 35 4.0
h/D

Fig. 6 Variation of average reflectance values with h/D ratio along
with reflectance values of random [12] and regular [13] pyramid

texture silicon surfaces
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4.0

Fig. 7 Simulated reflectance as a function of wavelength and h/D
ratio using the paraboloid model on our texture samples is shown
in Fig. 2 using their corresponding spacing values from Table 1

The experimental R) can be reduced by reducing the d
values. The predicted R, values without any separation
among the textures (d=0) as a function of wavelength
and /D ratio is shown in Fig. 8. The R, also depends on
the value of t,, and it affected the long wavelength re-
gion only. The thickness dependent simulated R, in the
wavelength range of 300—1200 nm for ¢, =20 to 520 um
with the steps of 20 pm (assuming d=0) is shown in
Fig. 9. The dependency of R, on ¢, is shown in the inset
of Fig. 9. The R, is nearly constant up to A~760 nm
with ¢,. For high value of A, the R, depends on ¢, and
increases for higher A values due reflection from back

S/ NS\

1200
1000

800
10,5 0 600 &
b/l) 2.5 3.0 e 400

4.0

Fig. 8 Predicted reflectance values without any space among
textures as a function of wavelength and h/D ratio using
paraboloid model

e ‘ 1200
*, 25 400 600 800 1000
@ A (nm)
Fig. 9 Predicted reflectance values without any space among
textures as a function of wavelength and wafer thickness
for h/D=140

- J

surface. The A value at which R, started to increase is
shifted towards higher wavelength with the increase
of t.

After using the passivating layer, the recombination at
the surface can be reduced to a very low value. The pas-
sivating layer can also work as ARC. Thus, paraboloid
structure combined with the passivating layer can be
used in PV devices for better performance.

Conclusions

The paraboloid texture surfaces of Si with different //D
ratios were obtained by anisotropic chemical etching
using external bias in order to increase the //D ratio.
The paraboloid texture surface has a lower reflectance
value than the hemispherical, random pyramidal, and
regular pyramidal texture surfaces. An optical model
was developed to simulate the light trapping and scatter-
ing effects of paraboloid Si textured surfaces. The model
was experimentally verified by measuring the reflectance
values for different //D ratios. The /D ratio of the tex-
tured surface was varied up to 3.75. The measured re-
flectance values matched well with the simulated one in
the wavelength of 300-1200 nm. The minimum experi-
mental reflectance value of ~4 % was obtained at a
wavelength of 600 nm for the //D ratio of 3.75. Simula-
tion results showed that the reflectance value could be
reduced to less than 1 % by reducing the separation
among paraboloid textures.
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